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ABSTRACT 
Railway induced ground-borne vibration is among the most common and widespread sources 
of perceptible environmental vibration, adversely impacting on human activity and the 
operation of sensitive equipment. The rising demand for building new railway lines or 
upgrading existing lines in order to meet increasing traffic flows has furthered the need for 
adequate vibration assessment tools during scheme planning and design. In recent years many 
studies of rail and ground dynamics have produced many vibration prediction techniques 
which have given rise to a variety of procedures for estimating rail-induced vibration on 
adjacent buildings. Each method shows potential for application at different levels of 
complexity and at different stages of a scheme. However, for the majority of the procedures 
significant challenges arise in obtaining the required input data, which can compromise their 
routine use in Environmental Impact Assessment (EIA). Moreover, as the majority of 
prediction procedures do not provide levels of uncertainty (i.e. expected spread of data), little 
is available on their effectiveness. Additionally, some procedures are restricted in that they 
require specific modelling approaches or proprietary software. Therefore, from an industrial 
point of view there is a need for a robust and flexible rail-induced vibration EIA procedure 
that can be routinely used with a degree of confidence.  
Based on an existing framework for assessing rail-induced vibration offered by the USA 
department of transportation (FTA) this project investigates, revises and establishes an 
empirical procedure capable of predicting rail-induced vibration in nearby buildings that can 
be routinely applied by the sponsoring company. Special attention is given to the degree of 
variability inherent to rail-induced vibration prediction, bringing forward the degrees of 
uncertainty, at all levels (i.e. measuring, analysis and scenario characterisation) that may 
impact on the procedure performance. The research shows a diminishing confidence when 
predicting rail-induced absolute vibration levels. It was found that ground-to-transducer 
coupling method, which is a critical step for acquiring data for characterising the ground, can 
impact on the results by as much as 10 dB. The ground decay rate, when derived through 
transfer functions, also showed to vary significantly in accordance to the assessment 
approach. Here it is shown the extent to which track conditions, which are difficult to account 
for, can affect predictions; variability in vibration levels of up to 10 dB, at some frequency 
bands, was found to occur simply due to track issues. The thesis offers general curves that 
represent modern UK buildings; however, a 15 dB variation should be expected. 
For urban areas, where the ground structure is significantly heterogeneous, the thesis proposes 
an empirical modelling technique capable of shortening the FTA procedure, whilst maintain 
the uncertainty levels within limits. 
Based on the finding and acknowledging the inherent degree of variability mentioned above, 
this study proposes a resilient empirical vibration analysis model, where its flexibility is 
established by balancing the significance of each modelling component with the uncertainty 
levels likely to arise due to randomness in the system. 
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PREFACE 
This thesis presents the research conducted from 2008 to 2013 to fulfil the requirements of an 
Engineering Doctorate (EngD) at the centre for Innovative and Collaborative Engineering 
(CICE), Loughborough University, United Kingdom. The research programme, which aims to 
analyse and develop routine procedures for the Environmental Impact Assessment (EIA) of 
rail-induced vibration, was conducted within an industrial context and sponsored by URS UK. 
The research programme was also funded by the Engineering and Physical Sciences Research 
Council. 
 
The Engineering Doctorate is a four-year postgraduate doctorate programme where the core 
of the degree is the solution of significant and challenging engineering problems within an 
industrial context. The EngD is a radical alternative to the traditional PhD, being better suited 
to the needs of industry, and providing a more vocationally orientated doctorate in 
engineering. 
 
The EngD is examined on the basis of a discourse supported by publications and technical 
reports. This discourse is supported by one journal paper, three conference papers and four 
industrial reports. It is to be read in conjunction with the appended papers and industrial 
reports providing a background of the research with in-depth technical detail presented in the 
academic papers. The papers are referenced within the text and highlight the sections within 
the papers to be read to provide further clarification. 
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1 INTRODUCTION 
 
1.1 RESEARCH CONTEXT (RAIL INDUCED VIBRATION & ITS 
ADVERSE IMPACTS) 
Railway induced ground-borne vibration (GBV), is the most common and widespread source 
of perceptible environmental vibration. It may give rise to discomfort, disturbance and 
interference with specific human activities whenever vibration exceeds certain levels. 
According to the Environmental Protection Act 1990 (Section 79) vibration is included in the 
definition of “noise” as a statutory nuisance. Moreover, vibration-sensitive equipment (e.g. 
microscopes, MRI scanners, electronic chip manufacture) or its operation may also be 
adversely affected by GBV. In very extreme cases GBV may be such that there is a risk of 
damage to buildings and other structures. The degree of disturbance and/or damage caused by 
GBV depends not only on the vibration absolute level but also on vibration spectra and 
duration of exposure (ANC 2001). Consequently, ‘structure-borne noise’, which occurs when 
imperceptible levels of GBV set the building surfaces into motion becoming audible before 
the surface vibration becomes perceptible, may give rise, in extreme cases, to sleep 
disturbance (ISO 14837-1:2005). 
 
Recently, there has been a rise in demand for building new railway lines or upgrading existing 
lines to increase capacity to meet demographic flows and commercial-industrial interests. 
When proposing new railway lines next to built up areas it is good practice, and in some cases 
mandatory, to undertake an Environmental Impact Assessment (EIA). This is targeted at 
estimating the levels of vibration (and/or ground-born noise) to which sensitive receptors may 
be subjected; and, if necessary, propose an adequate mitigation scheme safeguarding 
potentially affected buildings. Hence, the demand for adequate vibration assessment 
procedures, to allow the design of corresponding mitigation measures is growing. 
 
In recent years many studies in the fields of rail and ground dynamics have proposed many 
ground vibration prediction techniques, giving rise to a wide variety of procedures for 
estimating vibration in buildings. Many of these methods implement mechanical models using 
numerical methods that require large computing resources. Each method shows potential for 
application at different levels of complexity and applicability to varying circumstances. Yet, 
for the bulk of the procedures, significant challenges arise when procuring the required input 
data to allow prediction. Amongst the recently proposed methods, the majority have been 
shown (Appendix A) to be mainly suited to investigating and studying discrete aspects (e.g. 
the impact of some track elements mechanical properties on the induced vibration) within the 
field of rail-induced vibration (e.g. requiring exceptional resources when capturing the 
necessary input data). Very few can be considered practical for use in modelling for an EIA 
(see Appendix A).  
 
The Association of Noise Consultants (ANC, 2001) recognises that in the majority of cases, 
ground vibration prediction relies on small quantities of sample measurements taken at the 
closest available site to the one under consideration. Furthermore, unlike some countries, 
there are no UK mandatory standards or methods for undertaking a rail-induced vibration 
EIA. In some cases the procedure is legitimised through a public inquiry where experts can 
challenge the adopted EIA methods. For other cases there is simply a contractual agreement 
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between the stakeholders (i.e. the community likely to be under the adverse environmental 
impact and the rail contractor or operator) where a criterion needs to be met not only in design 
but also throughout the life cycle of the rail system. Although some EIA rail-induced GBV 
procedures have been suggested (see Appendix A), as they do not provide detailed knowledge 
or even levels of uncertainty as to their results, they offer the analysts little confidence. This is 
certainly due, at least in part, to the fact that they have not been used many times. 
This project sets out to investigate, revise and establish an empirical procedure capable of 
predicting surface rail-induced vibration in nearby buildings, that can be applied in a practical 
way. The project is sponsored by URS’s Acoustics and Vibration team.  
 
1.2 BACKGROUND TO THE RESEARCH 
The propagation of ground-borne vibration from railways is a power transmission process 
where the train pass-by is seen as the primarily source of energy. Vibration is generated by the 
passage of trains due to the surface irregularities of wheels and rails, the rise and fall of the 
axle over the periodic rail support such as sleepers, and by propagation of the moving 
deformation pattern of the track and ground. These sources may excite resonances in the 
vehicle suspension (Thompson, 2009). The resulting vibration is transmitted through the track 
structure and propagates as waves through the soil medium where its amplitude and frequency 
are modified due to reflections and refractions at the interfaces of soil strata, each of which 
support different shear and compression wave speeds. The vibration is then transmitted to 
buildings via the foundations and may excite resonance in their structural components. At low 
frequency (around 6 Hz depending on the layout of the building) the building may rock as a 
rigid body on its foundation (Dawn and Stanworth, 1979). At frequencies around 16 to 
200 Hz, lightweight structures (e.g. floors, walls and windows) may be excited into bending 
resonances (Remington et al. 1987) and vibrate causing noise. 
Vibrational energy is carried through ground via body waves (compression – see Figure 1.1 
and shear waves – see Figure 1.2) and surface waves (typical Rayleigh waves1 – see Figure 
1.3). Each of these wave types are characterised by their motion pattern, with their strength 
and speed changing depending on the geological/ground conditions. When considering 
surface railways, the r-wave is the most relevant wave type; it is the type that channels the 
majority of the induced energy.  
The ground structure through which the vibration is transmitted causes wave amplitude to 
decrease with distance due to: geometric spreading, where the rate of decay, independent of 
the properties of the material, is a function of distance and wave type; and material damping, 
which is the loss of energy that the ground structure offers to the propagating wave, especially 
if the soil is of granular material due to the friction between grains (Dowding, 1996). 
 
                                                
1 This is named after Rayleigh who derived its properties from mathematical elastic half-space theory. Generally 
in a layered medium there are a number of mode shapes that couple compression and vertically polarised shear 
motion. These are called PS-V (‘P wave/S-vertical) modes or different orders of ‘Rayleigh wave’. The lowest 
speed wave carries the greater proportion of the energy and often dominates the vibration response at distance. 
This wave is sometimes loosely referred to as ‘the Rayleigh wave’ regardless of the ground not being a 
homogeneous half-space. 
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Figure 1.1: P-wave representation showing the particle motion being an oscillation in a 
plane normal to the direction of propagation (extracted from Google images) 
 
 
Figure 1.2: S-wave representation, showing the particle motion being an oscillation in a 
plane normal to the direction of propagation (extracted from Google images) 
 
 
Figure 1.3: R-wave representation, showing the particle elliptical motion (extracted 
from Google images) 
 
The threshold of vibration perception for humans is frequency dependent, ranging from 1 to 
80 Hz. The predominance of low frequency content is most crucial from the viewpoint of 
human body perception. Humans also have different perception for each of the three 
orthogonal directions of vibration relative to the human body; humans are more sensitive in 
the head-to-foot axis. Since not all three orthogonal directions and/or frequencies have the 
Extension 
(low pressure) 
 
Compression 
(high pressure) 
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same disturbance impact on humans, there is a need to have a frequency-weighted curve for 
each axis that compensates for this peculiarity. There are a number of national and 
international standards that include threshold curves to describe the characteristics felt by 
humans (e.g. ISO 2631-2, 2003; BS 6472-1:2008).  
The rising demand for building new railway lines or upgrading existing lines in order to meet 
increasing transit flows has furthered the need for adequate vibration assessment tools during 
the planning and design stages. Specialist consultants and engineers are often requested, as 
part of the Environmental Impact Assessment (EIA), to estimate the impacts of vibration from 
railways. In order to assist the assessment, the system (see Figure 1.4) is commonly broken 
down into three sub-systems:  
• The first sub-system (see Figure 1.5) refers to the source of vibration, which in effect 
is generated by the train-track interaction. This is a function of:  
o vehicle structure - geometry (car length, bogie span and their arrangement 
distance between adjacent cars); configuration, e.g. wheelset (unsprung mass); 
primary suspension; and body masses 
o vehicle operation (e.g. speed profile) 
o track-form - including rail; rail supports (i.e. resilient pad or mount); sleepers; 
track supporting structure, e.g. ballast on sub-ballast (or ballast mat); and 
underlying ground (or sub-grade) 
• The second sub-system refers to the propagation path (see Figure 1.6) such as the 
ground structure through which vibration propagates (in effect this sub-system deals 
with the geological conditions).  
• The third sub-system refers to the receiver (see Figure 1.7), which in essence is a 
function of building foundation, building structure (i.e. load-bearing and external 
walls), building design (i.e. geometry and the materials used) and its internal elements 
(e.g. floor slabs, supporting columns and other internal partitions).  
After acquiring a descriptive formulation for each of these three sub-systems the whole 
problem can be assembled through a mathematical relationship called a ‘transfer function’. 
Since these transfer functions are of a very complex nature, it is common practice to use an 
empirical or semi-empirical method, which relies on measurements and computation 
processing to produce a resulting GBV in the building. The source term is typically acquired 
empirically by carrying out rail-induced vibration measurements under controlled conditions 
(where train Class, track form, and ground characteristics are known). The ground (path) is 
then characterised in the form of a transfer function, either by direct measurements taken at 
the site where evaluation is required or through a semi-empirical approach. The semi-
empirical approach makes use of structural parameter (e.g. density, shear modulus, s- and p-
wave speed) values that represent the ground that is to be evaluated. The building (receiver) is 
typically characterised by using case history information available (e.g. pre-existing published 
data) or by measuring transfer functions on the building that is being characterised in a similar 
building. 
Further to the subdivision of the modelling process, for modelling purposes a sub-system can 
be broken down into components, such as track design with specific track elements (e.g. rail 
ballast, stiffness etc.), so as to investigate the intervening forces and/or its impact on emitted 
vibration independently. This will also help to characterise the system being modelled (e.g. 
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speed, type and geometry of the train when characterising the source; or foundation and 
construction type of the building being modelled, when characterising the receiver). 
 
 
Figure 1.4: Schematic of the overall rail-induced vibration system (including: 
source, path, and receiver) 
 
 
 
 
Figure 1.5: Sub-system 1, the source (relevant train and track components involved on the 
excitation process). The underlying ground, which is also part of the sub-system 1, is 
represented by the structure enveloping the track supporting structure which is represented by 
the concrete track slab (yellow component) 
 
 
 
Source 
Path 
Receptor 
sprang mass 
unsprang mass 
rail discrete supports rail 
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Figure 1.6: Sub-system 2, represented by the ground half-space scheme. The top layer 
represents disturbed ground; the second layer represents compact ground structure; the bottom 
layer represents the bedrock 
 
 
 
 
 
Figure 1.7: Sub-system 3, the receiver, represented by the building 
 
 
 
 
 
As will be demonstrated in Section 2, environmental rail-induced vibration is a complex 
phenomenon when trying to predict its impact at a receptor. The lack of precision is mainly 
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due to the fact that its net effect is, to a certain extent, a function of a significant amount of 
unquantifiable physical occurrences. Such occurrences generally produce a certain amount of 
variance in vibration levels. Confidence limits, however, can be constricted by mapping-out 
the significance of the different forces (and components) that are working on the phenomena 
and the amount of variance from each component. Once this is understood the right resources 
can be allocated accordingly. 
Structure-borne noise is then evaluated by employing an empirical formulation, commonly 
referred to Kurzweil formula (Kurzweil 1979), which converts the vibration levels measured 
(or predicted) at the room floor into a sound level. This last step, that is, the conversion from 
vibration levels into sound levels, is outside the scope of this thesis.  
Tools to predict GBV are usually founded on theoretical (numerical and analytical) and 
empirical models. Theoretical models, which rely on a numbers of parameters, are seen as a 
powerful tool for effective mitigation studies. Such methods are known to be efficient only if: 
specific data, capable of characterising mechanical properties of the structures being 
modelled, are known or collected. However, acquiring such data, especially when modelling 
the ground, is a challenging process, requiring meticulous and extensive field surveys, often 
seen as expensive and time consuming.  
On the other hand, empirical models, which rely on extensive and rigorous analysis of 
collected data, provide a response that can be extrapolated and applied to other existing and 
non-existing installations. Some prediction models are composed of several separable 
independent formulae (empirical laws), each of which serve as a control parameter and can 
influence, to a certain extent, the final response. The advantage of empirical formulae is that 
they are usually simple to use. This research, further described below, will look into empirical 
modelling methods. 
 
 
1.3 THE INDUSTRIAL SPONSOR 
URS UK, who commissioned the project, is a large multidisciplinary engineering consultancy 
company. With a highly specialised team, URS provides sustainable integrated solutions to 
meet the planning, engineering, management and environment needs of clients across the 
transport, property, environment and natural resources market sectors.  
All research herein has been undertaken as part of a Loughborough University EPSRC funded 
Engineering Doctorate (EngD) scheme at the Centre for Innovation and Collaborative 
Engineering (CICE). The EngD is a postgraduate doctorate programme where the core of the 
degree is the solution of significant and challenging engineering problems within an industrial 
context. The nature of the EngD programme has allowed a broader spectrum of areas to be 
addressed as opposed to a typical PhD, and also allowed commercial application of developed 
techniques.  
 
1.3.1 REQUIREMENTS OF SPONSOR ORGANISATION 
URS’s Acoustics and Vibration department, based in Nottingham, is often required to give 
expert advice on the impacts of vibration due to a nearby railway. Recently, URS worked on 
rail related projects such as the Nottingham tram extension. For URS to maintain its 
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competitive edge in this market, an adequate rail-induced vibration assessment tool is 
essential. The method used up to now relies on a small sample of rail-induced vibration 
measurements at the closest available site. However, due to the complexity of vibration 
analysis and prediction in question, this method may not be reliable, especially since the level 
of uncertainty is not known. Thus, URS requires the development of a robust comprehensive 
prediction procedure rooted in their means and capabilities. 
 
1.4 RESEARCH UNDERTAKEN 
 
Scope 
Taking account of the requirements stated above, this research aspires to develop a 
comprehensive railway vibration prediction procedure for routine practical application by the 
sponsoring company. It will seek to allocate the right resources to the procedure by studying 
the significance of each model component (described above) and uncertainties that may arise 
due to randomness in the system. The research is broken into two basic studies: a modelling 
approach that allows railway vibration to be predicted, and data collection to develop efficient 
field surveys and data analysis techniques to provide data for the model. These are further 
discussed below. 
In an earlier stage of the project it was established that an empirical or semi-empirical model 
would be adequate to meet the needs of a routine method. It was found that the procedure 
proposed by the US Federal Transit Administration (FTA, 2006) offered a useful field-
measurement-based prediction methodology for assessing rail-induced vibration. However, as 
with the majority of other published rail-induced vibration modelling procedures, FTA gives 
no indication on the error and uncertainty (e.g. spread of data) that may arise from the 
procedure. Moreover, as it is currently proposed, the FTA method offers very little flexibility 
(i.e. it is not very practicable in some situations), especially in urban areas. Thus, based on the 
FTA framework, and by analysing each component independently, the research aims to 
understand the possible uncertainties. Most importantly, it aims to redesign the method giving 
it a higher degree of flexibility for use by URS.  
There are two processes integral to any semi empirical model. The first is data collection, 
which is dependent on, and specific not only to the type of investigation, but also to the given 
conditions. The second is analysis, commonly carried out through computer routines based on 
specific algorithms, transforming the collected data into parameters to use directly in the 
model. However, ANC (2001) recognises that there are a number of challenges associated 
with using national and international standards to measure vibration and adapt it for 
modelling. This is believed to be a consequence of a rapid evolution of vibration measuring 
equipment that are now available for environmental purposes. They vary widely in 
characteristics. Moreover, standards and guidelines offered by relevant professional bodies 
fail to explain and quantify the consequences arising when their suggested methodology is not 
entirely followed. This point is relevant in that the measurements required for an EIA may 
need to be undertaken under specific conditions where guidelines cannot be followed (i.e. the 
given conditions of the site in question might not fit the requirements to undertake the 
measurements as defined in the guidelines).  
The research also examines the effectiveness of common proposed analytical methods used 
for GBV prediction. Assessment processes for undertaking a rail-induced vibration EIA lean 
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heavily on scientific analytical methods (e.g. transfer functions). However, the use of any 
scientific analytical method requires conformity to the principles and laws on which the 
concept is grounded. Would one restrict the assessment processes to only those that bare the 
scientific legitimacy (i.e. satisfying all requirements/assumptions by invoking principles and 
laws on which the concept is grounded), then the rail-induced vibration assessment procedure 
would be limited in nature. For example, consider the case of the use of a “transfer function” 
for modelling the ground response to vibration. In a strict sense one would need to ascertain 
whether the ground structure being modelled is a linear time-invariant system (i.e. verifying 
where the principle holds). If not, the “transfer function” loses its meaning and, probably one 
might argue that it should not be used for predicting vibration propagating through the 
ground. However, since for practical reasons rail-induced vibration EIA adopts processes that 
can be challenged on scientific grounds (i.e. they do not meet entirely the scientific 
requirements for their use), the research also investigates the uncertainty levels that may arise 
from the usage of such processes. Thus, a portion of the research programme sets out to 
understand, evaluate and quantify the possible errors arising from the need to adapt the 
resources (i.e. processes – modelling concepts and analyses procedures; and tools – physical 
tools used to measure vibration) available to the project.  
 
 
1.5 AIM AND OBJECTIVES 
 
Aim 
The aim of this research project is to develop a comprehensive procedure for routine use, for 
the prediction of surface rail-induced vibration that meets the EIA detail design stage 
requirements. The procedure is also to be suited to the sort of equipment and staff resources 
available within a consultancy. It will also aim to be flexible enough so as to adapt itself to 
different settings and scenarios.  
 
Objectives 
To assist the project in meeting the aim the following objectives were identified:  
1. Undertake a critical evaluation of rail-induced vibration modelling procedures, 
including data collection techniques and analysis tools to inform the work. 
2. Establish and assess a vibration measurement and analysis protocol from the above 
that incorporates a repeatable and routine data collection procedure to provide data 
suitable for vibration prediction and analysis.  
3. Adapt the adopted (taken for objective 1) procedure for use in typical scenarios against 
commercial and practical needs of the sponsor. 
4. Optimise and validate the adopted methods via fieldwork.  
1.6 THESIS STRUCTURE  
The structure of the thesis is presented below, informing the reader of the content and purpose 
of each of the chapters. Reference to the academic papers (Appendix A to D) and internal 
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technical reports (Appendix E to H) is made through the thesis, and the reader should refer to 
the appropriate paper in order to establish the link between the detailed work and the overall 
topic of the project. Table 1.1 and Table 1.2 present the synopsis of the papers and reports 
respectively.  
 
Chapter 1 introduces the background, justification and context of the research undertaken. 
 
Chapter 2 is a literature review, which aims to provide an insight into the theory behind the 
research topic and to establish the state of knowledge so that the research builds upon existing 
information. This is done with reference to a published paper (see the table below).  
 
Chapter 3 describes the methodology adopted for the research. 
 
Chapter 4 presents the research undertaken with key results and a discussion of the research 
observations this is done with reference to published papers and technical reports by the 
author which are included as appendices as required by the EngD. This is given in three parts:  
• protocols to be adapted (i.e. measuring vibration and analysis); 
• field procedure assessment and modelling (assessing the significance and uncertainty 
levels of empirical procedures); and, 
• analysing adjustments and proposed alterations to the procedure. 
 
Chapter 5 summarises the main findings of the research programme, and the implication of 
these findings upon the sponsoring industry and academia. It also makes recommendations for 
future research. 
 
 Introduction 
 11 
The appendices present 4 academic papers (see Overarching Aim and Objectives Table 1.2), 
and 4 technical reports (see Table 1.2) are submitted as a key deliverable for the sponsoring 
company. Throughout this thesis direct reference is made to the relevant sections of the 
published research papers and reports for further detail. 
 
Table 1.1: Published papers with a brief description of their main content 
Thesis 
reference 
Title Publication Synopsis 
Paper 1 
appendix A 
Procedures for 
Estimating 
Environmental Impact 
from Railway Induced 
Vibration: A review 
Proceedings of the 
Internoise 2012/ASME 
NCAD meeting 
August 19-22, 2012, New 
York City, NY, USA 
 
From the perspective of railway 
environmental impact assessment, 
this paper reviews some relevant 
prediction techniques, assessing 
their degree of suitability for 
practical engineering application 
by weighting their methodology 
(i.e. considerations and 
requirements) against practicality 
and precision. 
Paper 2 
appendix B 
The Influence of 
Vibration Transducer 
Mounting on the 
Practical Measurement 
of Railway Vibration 
Proceedings of the 
Internoise 2010 meeting 
June 13-16, 2010, Lisbon, 
Portugal 
 
The paper focuses on transducers 
mounting techniques. It assesses 
conventional techniques used 
throughout the industry, some of 
them recommended in relevant 
standards and guidelines. Based 
on the findings it then prescribes 
as set of techniques that can be 
adopted by URS.   
Paper 2 
appendix C 
Issues and Limitations 
on Measuring Building 
Transfer Function’s 
 
ICEM15 2012  
(15th International 
Conference on 
Experimental Mechanics) 
The paper analyses methods of 
evaluating a building transfer 
function mainly by contrasting the 
impact test with actual rail pass-
bys. It also puts forward collected 
response curves representing UK 
buildings and compares them to 
the published generalised 
response curves. 
Paper 4 
appendix D 
Ground Response Data 
Capture for Railway 
Vibration Prediction 
Proceedings of the 
Institution of Civil 
Engineers: transport, 
TRAN-D-13-00005R1, 
2013. In publication 
Based on the FTA framework, the 
paper proposes a simplified 
methodology based on the results 
of sensitivity analysis of ground 
dynamic behaviour at ten urban 
sites within the same UK city. 
The proposed procedure aims at 
economising surveying resources 
when modelling the ground. 
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Table 1.2: Technical reports with a brief description of their main content 
Thesis 
reference 
Title Synopsis 
Report 1 
Appendix E 
Excitation Mechanism for 
Rail-Induced Vibration 
Assessment: Selection, 
Calibration and Prediction 
Uncertainties 
This report refers to the choice and calibration of the 
excitation mechanism. It also reports on the validation of 
the chosen excitation method by contrasting transfer 
functions derived by the chosen method to the rail-
induced transfer function. 
Report 2 
Appendix F 
A signal processing 
methodology for the analysis 
of data for use in railway 
vibration assessments 
The report concerns aspects of signal processing 
specifically related to a method of studying ground 
vibration from trains. It discusses and establishes a set of 
guidelines for the implementation of relevant analysis 
routines for an effective and credible procedure that 
follows the FTA methodology. 
Report 3 
Appendix G 
Computing VDV from 
Frequency Domain 
Spectrum for Rail-Induced 
Vibration Assessment 
This document refers to a methodology (known as 
eVDV) for attaining “Vibration Dose Value” (VDV) 
through spectrum analysis. The method, which is 
validated in this report, is based on the superseded 
version of BS 6472-2:1992.  
Report 4 
Appendix H 
Averaging process for 
combining various spectra 
into a representative 
spectrum 
This short technical note deliberates on the two most 
common methods when averaging spectra justifying the 
chosen method. 
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2 LITERATURE REVIEW 
 
2.1 INTRODUCTION 
In this chapter the available GBV techniques that bear the potential of being adopted for an 
EIA are appraised. The review is broken down into separate stages of the process of 
prediction of ground vibration. It builds upon existing information given separately in the 
published papers of Appendix A to C. A review of the state of the art regarding modelling 
techniques is detailed in a dedicated paper titled “Procedures for Estimating Environmental 
Impact from Railway Induced Vibration: A Review” (see Appendix A). A review detailing 
measuring techniques is presented as part of the paper “The Influence of Vibration Transducer 
Mounting on the Practical Measurement of Railway Vibration” (see Appendix B).  Building 
response modelling procedures, including methods of evaluating buildings transfer functions 
is covered in the paper “Issues and Limitations on Measuring Building Transfer Function’s” 
(see Appendix C).   
  
2.2 ENVIRONMENTAL IMPACT ASSESSMENT 
As mentioned in Section 1.2, in the planning stages for new buildings or transit systems the 
effects of railway induced ground-borne vibration needs to be considered. Prediction of 
absolute levels is generally required for new rail systems. Generally, where an alteration to an 
existing rail system is proposed, it will only be necessary to predict relative changes in 
vibration; that is, predict the ‘correction factors’ contrasting the prevailing conditions (base 
case) with the proposed scheme. Where vibration levels exceed the proposed target, the 
prediction model may be used to evaluate the effect of different countermeasures.  
 
Modelling Strategy 
In accordance with the stage of the development process, ISO 14837-1 (2005) suggests 
breaking the EIA into three stages:  
• ‘scoping’ (also known as ‘screening’) – to be used at the very early stage of scheme 
development so as to identify if there may be a problem and where is might be within 
the proposed system; 
• ‘environmental impact assessment’ (also referred to as ‘general assessment’ or 
‘preliminary design’) – to quantify the location and severity of groundborne vibration 
effects for the proposed rail system and the extent of mitigation required; and 
• ‘detailed design’ – to support the detailed design and specification of mitigation. 
The requirements for a vibration prediction model in terms of complexity, speed of use, and 
accuracy differ between the stages.  
In order to assist the EIA process, the vibration assessment procedure is typically broken 
down into three sub-systems: “source”, referring to the vehicle-track interaction (including the 
behaviour of the vehicle and the track-form); “path”, refers to the ground through which 
vibration propagates (mainly addressing the composition structure of the intervening ground); 
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and, “receiver”, corresponding to the building structure and/or its elements. After acquiring 
the source term, the vibration level is then combined with the path and receiver transfer 
functions into a single value (i.e. vibration expected at the receptor). 
 
Modelling Techniques 
There are two main techniques for modelling rail-induced vibration: empirical and theoretical. 
Empirical models rely on extensive and rigorous analysis of collected data, providing 
responses that can be extrapolated and applied on other existing and non-existing 
installations. Most of the prediction models are composed of several separable independent 
formulae (empirical laws), each of which serve as a control parameter and can influence, to a 
certain extent, the final response. The advantage of empirical formulae is that they are usually 
simple to use. Theoretical models (e.g. Gakenheimer & Miklowitz (1969); Freund (1972); 
Sheng et al (2005); (Degrande et al (2006)), both analytical and numerical, hinge on 
elastodynamics governing equations. Such models are commonly proposed for investigating 
the mechanics of vibration generation and mitigation measures. In essence theoretical models 
can establish the main forces that significantly impact on the emitted vibration. They can 
identify and describe the direction and relative relevance of such forces. However, it is 
recognised that it is very hard to estimate the absolute magnitudes of these forces; especially 
because each force behaves in accordance to a given scenario (e.g. mechanical properties of 
the building or ground through which vibration propagates) and each scenario is a complex 
system of numerous components, each having its unique set of parameters. Although the 
theoretical approach tends to generate models with a significant degree of uncertainty, it can 
be used to help to understand the problem, giving an accurate qualitative description of the 
impact. Furthermore, once the absolute values have been established analytical models can be 
used to predict relative changes. This is seen as a valuable technique when proposing a 
mitigation scheme. 
 
2.2.1 GROUND RESPONSE MODELLING TECHNIQUES 
There are two common approaches when assessing the ground using a theoretical model. (1) 
A half space, assumes the ground to be a homogeneous, isotropic, elastic half-space with a 
horizontal planar boundary. (2) A layered ground model assumes the ground to be a stratified 
elastic half-space, having isotropic layers with their boundaries parallel to the ground surface. 
To assess the dynamic behaviour of a specific ground structure, the model is then rendered in 
accordance to its mechanical properties. 
 
Cut Off Phenomena 
When characterising the wave propagation on a stratified medium (i.e. layered ground see 
Figure 1.4) it can be demonstrated (e.g. Takemiya and Goda, 1998) that there is a dependency 
between the lowest frequency of the propagating wave and the depth of the top surface layer 
(i.e. the lowest propagating wavelength is equivalent to 4 times the shear wave speed). This is 
known as the ‘cut-off’ phenomenon, which is a consequence of a natural wave impeding 
effect by the shallow layers. In essence, shallow surface layers tend to act as a high pass filter. 
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Surveying the Ground 
Commonly, the mechanical properties used to characterise a site, are extrapolated and derived 
using Surface Wave Methods (SWM). This technique is capable of obtaining soil properties 
that influence the wave propagation by means of an interpretation procured from wave-field 
observing. The field surveys for SWM are based on the impact method, which consists of 
exciting the ground (normally via a sledgehammer blow to a metal plate on the ground) and 
capturing its response using an array of transducers coupled to the ground along a line. The 
resolution and effective range of the data being analysed (i.e. dispersion curves), is 
conditioned by the selected array configuration, such as the transducer array length, and 
transducer spacing. It can be demonstrated that when considering collecting data to efficiently 
model the ground behaviour within the frequency range of interest, the transducers along the 
line should be placed approximately every 1 m over a total length of 40 m. Subsequently, the 
data collected undergoes a complex set of analyses in accordance with the chosen procedure, 
as demonstrated by Socco and Strobbia (2004). It has been demonstrated (e.g. 
Triepaischajonsak et al, 2011) that when dealing with theoretical models, techniques based on 
SWM have shown to be effective in acquiring required ground mechanical properties. 
However, when considering an EIA, mainly close to residential areas, where ambient noise 
from traffic is to be expected and space is confined, Triepaischajonsak et al (2011) narrative 
suggest both ‘signal-to-noise ratio’ and the required array length to be practical limitations. 
In contrast to purely theoretical models described above, an alternative approach is the FTA 
(2006) procedure. This is an empirical EIA procedure used widely on heavy rail systems. For 
the “environmental impact assessment” stage, FTA methodology prescribes a typical ground 
response in accordance with the type of ground being assessed. For the “detail design” stage, 
FTA puts in place a methodology based on the prediction procedure proposed by Nelson & 
Saurenman (1987). As a way of evaluating the ground response, the procedure proposes the 
ground to be characterised through the Line Source Transfer Mobility (LSTM), as a direct 
way of describing the transfer of vibration through the ground due to a dynamic line load. 
This is based on the assumption that the train can be modelled as an incoherent line source, 
the ground investigation prescribed in FTA simply assesses the contribution of the intervening 
ground to the propagation of vibration from a line dynamic source, such as a train running 
along a straight trajectory.  
However, the FTA method also poses practical challenges, especially when considering rail 
lines within dense urban spaces, such as Light Rapid Transit (LRT). For example, when 
modelling a two-vehicle tram travelling along an existing highway, the method requires 
impact points to extend approximately 30 metres along the stretch of highway. In some cases 
it may not be possible to gain access to the full section of the highway itself. This aspect is 
further discussed below.  
 
2.2.2 SOURCE (VEHICLE/TRACK INTERACTION) MODELLING TECHNIQUES 
As with the ground there are also theoretical and empirical ways of modelling the source. 
However, since the state (i.e. maintenance condition) of both the rolling stock and track 
significantly impact on the emitted vibration (e.g. rail and wheel roughness) there is always 
the need to survey typical prevailing conditions. In short, similarly to the reasons given above 
and as established in the paper “Procedures for Estimating Environmental Impact from 
Railway Induced Vibration: A review” (Appendix A), which contrasts the requirements and 
merits of theoretical models to empirical models, it can be concluded that although the 
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flexibility of theoretical models allows investigation and study of discrete aspects within the 
field of rail-induced vibration, it is not considered, as a stand-alone procedure, an effective 
method for an EIA.  
 
Influences from Vehicle Components 
When considering the source, the two most significant vehicle components that affect the 
emitted vibration characteristics are the wheel condition and the unsprung mass of the vehicle. 
Block and Temple (2000) confirmed, based on a theoretical and empirical study, that the 
influence of the unsprung mass appears to affect the resulting vibration only at frequencies 
above 25 Hz, while the different axle loads and suspension characteristics affect the low 
frequency end of the spectrum quite considerably. This explains why loaded freight wagons 
generally cause more vibration than their locomotive, particularly at low frequencies. As 
indicated by Block and Temple (2000), one of the main factors that affect the unsprung mass 
is the suspension itself (or the quality of the suspension). Thus, suspension that is not working 
properly will further intensify the generation of vibration at the wheel track interface. 
Concerning the wheel condition, Block and Temple (2000) showed that for trains running at 
80 km/s a 15 dB variation above 50 Hz in emitted vibration levels can be expected simply due 
to changes in wheel roughness. These values, however, are determined by: (1) the control case 
– since the actual excitation depends on the combination of wheel and rail conditions, the 
differences observed are dependent on the level of roughness of the rail; (2) state of wheel set 
– where the vibration magnitude is influenced by the ratio between the number of smooth to 
rough wheels; (3) speed of the pass-by – the affected frequencies are dependent on the train 
speed. Block and Temple (2000) alluded to the fact that the maximum effect (i.e. 15 dB; >50 
Hz) obtained from high wheel roughness levels gave similar levels of increase vibration to 
those reported in the literature for out-of-round wheel effect. According to Kurtzweil (1979), 
the presence of wheel flats can increase vibration levels by 10 to 20 dB. These high levels, 
however, conflict with claims found in RENVIB II (1999a), which asserts that the presence of 
wheel flats (considering every wheel of the train) only increases the peak vibration level by 2 
dB for frequencies above 100 Hz. 
 
Soil-Track Interaction  
Verbraken et al. (2010) demonstrated that the axle loads are affected by dynamic “train-
track”-“soil” interaction. In short, depending on the ground dynamic behaviour the track may 
act as a filter, where its effect is most pronounced in soft soils. According to (Verbraken et al. 
(2010) a 30 dB difference could be expected between models that do not take the track 
filtering effect into consideration. This is highly relevant since it shows that the source and 
ground sub-systems are strongly coupled. That is, they are dependent upon one another and 
should be considered as a single system. This aspect compromises, to a certain extent, the 
splitting of the system into sub-systems as many procedures propose. However, Verbraken et 
al. (2010) shows two possibilities to circumvent the above: split the system at the rail (as 
opposed to the trackbed); or, specify particular source subsystems for each soil type.  That is, 
only a source defined in a soft ground should be modelled when the ground is soft. To define 
the soil characteristics Verbraken et al. (2010) uses p-wave speeds, making a simplifying 
assumption that: grounds with similar p-wave speeds may be considered to be the same 
ground type.  
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Influences from Track Components 
The track system also impacts on the pass-by emitted vibration. While the track components 
(e.g. rails, rail fasteners, railpads, sleepers, ballast, and possibly sub-ballast layers) affect the 
nature of the track response to the excitation, the roughness (i.e. unevenness) of the track 
determines the magnitude of the dynamic forces in the process. As mentioned in RENVIB II 
(1999a), it has been shown that extreme change of track roughness levels may give rise to a 
25 dB variation in vibration levels. 
Based on a theoretic parametric study, which investigates the potential magnitude of influence 
that relevant track component parameters may have on vibration emission, Temple and Block 
RENVIB II (1999a) established that relevant parameters for a range of typical rails and 
sleepers did not significantly impact on the generated vibration (i.e. less than 2 dB within the 
frequency of interest). Conversely, the study showed a significant impact on variation in the 
rail pad stiffness, affecting the emitted vibration up to 5 dB within the 40 – 125 Hz frequency 
range, and up to 20 dB when considering the 125 – 500 Hz frequency range. In RENVIB II 
(1999a) rail fastener elements were not assessed since they were considered not to have any 
significant influence. 
The influence that different parameters in the track supporting structure (i.e. slab track, ballast 
and ballast matts) can have on vibration generation has been investigated and reported in 
RENVIB II (1999b). The study establishes that a ballast mat, depending on the stiffness and 
the nature of the change (which depends on the prevailing conditions such as rigidity of the 
base), can achieve a reduction in vibration of around 10 dB for frequencies above 63 Hz. 
Another study RENVIB II (1999a) shows that ballast stiffness may impact on the emitted 
vibration only up to 7 dB within 63-250Hz. 
It is worth mentioning, however, that not all elements maintain constant performance within a 
stretch of track. The track support stiffness, which may vary significantly within a stretch of 
track due to ballast (following the variation in its depth, density and the irregular nature of the 
stones) and the ground variability, is an important factor in the inequality of ballast settlement 
under load. France (1998) reported a standard deviation of 25% (within the 50 -100 Hz range) 
when measuring the sleeper support stiffness (i.e. referring to everything supporting the 
sleeper including the ground, the thickness of ballast and the degree of contact between the 
ballast and the sleeper) along a section of a track. Oscarsson (2002), when measuring sleeper 
support stiffness for two Swedish sites, reported a standard deviation of 6% and 12%. Temple 
and Block (RENVIB II, 1999b) found track support stiffness to vary from a standard 
deviation of 15% to 60% of mean stiffness at different sites. It is worth mentioning that, 
among other factors, the ballast support conditions influence the rate of deterioration of track 
quality RENVIB II (1999b). 
It is important to conclude from this sub-section that track condition can be responsible for 
high variation in emitted level. As mentioned in RENVIB II (1999b), up to 25 dB variation in 
emitted vibration levels due to track conditions has been reported. 
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Characterising the Source (Train–Track Interaction Modelling Techniques) 
The paper “Procedures for Estimating Environmental Impact from Railway Induced 
Vibration: A review” (Appendix A) reviews representative rail-induced vibration prediction 
models, based on both theoretical and empirical methods. It contrasts their effectiveness 
against different stages of the EIA. As the scoping stage is restricted to relatively few 
parameters, guidance given in FTA (2006) is considered as fit for purpose. For the general 
assessment stages the review identified models claiming to satisfy the expected accuracy. 
Models for the detailed design stage showed a high degree of difference between various 
proposed methods yet none of the authors of the methods gave any uncertainty levels as to 
their systems accuracy. This may be due to the fact that the models did not undergo enough 
testing to suggest levels of deviation or error. Furthermore, some proposed methods appeared 
to be highly resource intensive, especially in the testing to acquire ground parameters.  
The literature showed that, although theoretical models proved to be efficient tools to study 
vibration, their accuracy does not seem to outweigh the complexity, both in developing the 
model and obtaining the necessary parameters. However, theoretical models are found to be 
ideal for evaluating relative changes in emitted vibration level that may arise due to changes 
in the rolling stock or track design. Moreover, due to their geometrical flexibility when 
representing complex structures (e.g. rail elements, layered ground or mitigation schemes) 
numerical models (e.g. FEM) are justified when used to predict the effectiveness of a 
mitigation scheme of a complex nature. The conclusion from the literature is that an ideal 
modelling technique for detailed design stage can be effectively implemented by combining 
the FTA field data collection procedure with a theoretical model. This is detailed in Section 
2.3.  
In short, for the reasons above, it was found that the most appropriate modelling method for 
characterising both the source and propagation path when undertaking an EIA would be the 
procedure proposed in (FTA 2006).  
 
2.2.3 FTA METHOD (SOURCE AND PATH EMPIRICAL MODELLING 
PROCEDURE) 
The (FTA, 2006) proposed method claims to be capable of modelling each sub-system 
independently, requiring few input parameters. The method can be seen as an elementary 
predicting tool, mainly relying on direct measurements. Nevertheless, since it relies on the 
application of direct measurements, accuracy is expected. Thus, this method was chosen to 
study and subsequently expand into the proposed prediction procedure.  
In essence, the method normalises all the field vibration measurements (LV) by removing the 
ground’s contribution from the resulting vibration. The “Line Source Transfer Mobility”, 
LSTM, describes the ground dynamic behaviour. By subtracting LSTM from the pass-by 
induced LV (measured at the ground) the method then gives a quantitative description of the 
source as a normalised Force Density Level (FDL). This is assumed, in the method, to be 
independent of the ground characteristics. However, as discussed in Section 2.2.2 and as 
illustrated in Equation 2.1, the FDL is dependent on ground conditions2). 
                                                
2 “Track filtering effect” as mentioned in Section 2.2.2 is not mentioned on the AFT procedure. It is believed that 
the procedure was written without giving any thought to the “Track filtering effect”. 
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At the core of LSTM assessment is the impact test, which consists of dropping a weight onto 
the ground and measuring its response at various distances. From this test a point-source 
transfer mobility can be derived. The LSTM is then inferred by integrating the multiple point 
source transfer mobility along the line of impacts (Figure 2.1) based on the assumption that 
the train can be modelled as an incoherent line source. For averaging purposes, the method 
proposes undertaking the LSTM at a number of distances (typically more than 3, depending 
on the site conditions). Thus, the ground investigation prescribed in FTA assesses the 
contribution of the ground to the propagation of vibration from a line dynamic source, such as 
a train running along a straight trajectory.  
The test procedure requires these quantities to be expressed in 1/3 octave- band as the root 
mean square (RMS) value. Thus: 
 
FDL = LV – LSTM    Equation 2.1 
 
where the FDL is expressed in dB re N/m0.5; and, LV is the train emitted vibration velocity 
Level, expressed in dB re 10-9 (m/s), measured during a train passage; LSTM is Line Source 
Transfer Mobility, expressed in dB re 10-9 (m/s)/(N/m0.5).  
The FTA method defines the source (FDL) accordingly to where the line of impacts is 
performed. By undertaking the impact tests adjacent to the track, as shown in Figure 2.1, the 
evaluated source-term will inherently represent the pass-by emitted vibration levels not only 
as a function of train speed, vehicle dynamics and rail roughness but also as a function of 
track-bed design. By doing so, the train rail-interaction (FDL) can be used at a specific 
location, having first acquired its LSTM (i.e. measured at the new location), to evaluate the 
vibration levels (LV) emitted by the pass-by at the new location (equation 2.2). 
 
LV = FDL + LSTM     Equation 2.2 
 
 
Figure 2.1: Line of impacts scheme as proposed in FTA (2006) 
 
Transducer 
Impact point 
Building 
h 
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Assessing the Source Term 
The track-bed design (ballasted track) includes a set of components as the ones shown in 
Figure 2.2. 
The force densities, measured in the way described above are influenced by the track. 
Accuracy may therefore be increased by undertaking the impacts at the rail. Furthermore, as 
demonstrated by Verbraken et al. (2010), for soils with different “hardness”, it is crucial to 
undertake the impacts at the rail.  
Additionally, for flexibility in the model it can be argued that it is convenient to break the 
source term into two arrangements (1), the vehicle dynamics – corresponding to the train-rail 
interaction – and (2) the track dynamics – corresponding to the track bed design (e.g. from 
sleepers to subgrade). By doing this, the train rail-interaction measurements can be used with 
another track bed design. 
Undertaking the line of impacts at the rails, however, also requires access to the track which 
adds cost and complexity to the measurement exercise. On the other hand, it is possible to use 
a mathematical model to account for changes in the track dynamics if the estimated source 
term (as given in equation 2.1) describes the vehicle and track dynamics together (line of 
impacts adjacent to the track bed). 
 
 
Figure 2.2: Track with its different components (adapted from Iwnicki (2006)) 
 
Assessing the Propagation Path 
According to FTA, the ground response is modelled using the line source transfer mobility 
(LSTM). However since there is not a direct method of acquiring the LSTM, the process 
relies on the integration of multiple point-source transfer mobilities along a line as shown in 
Figure 2.1. This calculated from the point sources transfer mobilities, TMPk, as:  
     Equation 2.3 
where h (see Figure 2.1) is the interval between impact points and n is the total number of 
impact points. The method requires h×n to be equal to the train length. 
 
Drawbacks 
In contrast to the majority of proposed rail induced vibration models, where the ground 
parameters can be deduced simply through point source analysis, this method is regarded as 
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uninviting on two accounts. Firstly, the method imposes an added effort when undertaking 
field tests and data analysis. The approach requires around 10 to 20 impact locations (each 
impact location is defined through the averaging of 10 to 20 measurements), depending on the 
train length and the required spatial resolution. Secondly, the method requires that a 
significant stretch of land, extending the proposed vehicle length, along a straight trajectory at 
the proposed site be made available in order to perform a set of impact-tests. Thus, for urban 
rail, more often than not, this could require the disruption of traffic in order to perform the 
impact tests at the centre of the highway, which can require complex logistics, incurring extra 
financial costs. Reducing the cost of this process is part of the objectives of the current work 
(Objective 4).   
 
2.3 COMBINING THEORETICAL AND EMPIRICAL MODELS FOR 
AN EIA 
So far it has been established that the FTA procedure can only be used to model prevailing 
sources (i.e. existing rail/track configuration), since it needs to acquire the source term 
through measurements. On the other hand, although theoretical models are not effective in 
predicting absolute rail-induced vibration levels, as established on the paper “Procedures for 
Estimating Environmental Impact from Railway Induced Vibration: A review” (see Appendix 
A), theoretical models has been shown to be effective in predicting rail-induced vibration 
level changes to change in rolling-stock and/or vehicle configuration. A suggested way to 
combine these methods for a rail-induced vibration EIA is to: (1), based on FTA 
methodology, undertake a survey (through measurements) in order to predict the rail-induced 
vibration at the given location for the prevailing conditions; (2) having established the 
baseline prediction at the receptor, a theoretical model can be used to evaluate relative 
vibration level difference expected by a change in track and/or vehicle design. In essence, the 
FTA procedure is applied to predict the base case, simulating the prevailing conditions at the 
source (using the same train and track as the measured one, to predict the emitted vibration at 
the designated site), and the theoretical model is used for the relative changes in the proposed 
configuration (i.e. rolling stock and/or track design). The mathematical model then gives the 
expected insertion gain (Ig in dB) that compensates for the changes to rolling stock and/or 
track design. The model can be applied in the following steps. 
 
1) Predict for the known train/track system at the site being considered using the FTA 
prescribed method. 
 
2) Using a theoretical model, rectify the predicted values to meet the proposed track 
design. 
 
3) Using a theoretical model, rectify the predicted values to meet the proposed train 
configuration. 
 
LSTMFDLLV +=
LSTMIgFDLLV track ++=
LSTMIgIgFDLLV vehicletrack +++=
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Where Igtrack and Igvehicle are the evaluated relative changes, for the track and vehicle design, 
in dB, accounting for the proposed changes (with respect to the prevailing conditions 
contributing to the FDL). 
 
2.4 BUILDING RESPONSE (EMPIRICAL MODELLING 
PROCEDURE) 
 
The most commonly used procedure to determine the building’s response to incoming 
vibration is the Ground-to-foundation transfer function (TF). The reasons for this are 
complicated. They are discussed in the conference paper “Issues and Limitations on 
Measuring Building Transfer Function’s” (Appendix C). This TF can be determined by 
simultaneous measurements of vibration on the foundation and surrounding ground from an 
impact test. If the building is not yet built, the TF between the ground and the building can be 
established by using any case history information available; or by measuring at a building of 
similar foundation construction within the local area of similar ground conditions. (ANC, 
2012). 
 
Assessing the Receiver 
Ideally, the building response to rail induced vibration should be assessed as shown in Figure 
2.1. It uses the LSTM transfer function to describe the building’s (or element of the building) 
response to a dynamic line source. For an adequate representation of the building’s response 
to rail traffic, the line of impacts should be performed at the location (or adjacent to) where 
the train is proposed to run and covering the length of the train being modelled. As such, for 
each scenario this method requires particular building transfer functions. A limitation which 
may arise is that, for long trains running at a significant distance from the receptor (say 40 m), 
the energy emitted by the impact may not be sufficient to produce a response above ambient 
vibration. Moreover, there may be restrictions to site access, which are required to perform 
the impact-tests. However, a non-ideal TF (i.e. probably not as accurate, yet may be 
representative) can be obtained through the point source impact-test. This is discussed in the 
paper “Issues and Limitations on Measuring Building Transfer Function’s” (Appendix C). 
Ultimately, the building response can be assessed by using generalised curves representing a 
class of buildings, grouped as a function of building structure, geometry and foundation type 
(ANC 2012).  
 
Measurement Procedure 
A relevant consideration, when evaluating a building element’s response (i.e. an internal 
structure), is the choice of the measuring location. The response of internal structures of 
lightweight construction (such as wooden suspended floors or stud walls) is effectively what 
determines the degree of vibration impact to which a sensitive receptor is subjected. The 
response of a structure is modal and the measured vibration is highly dependent on the choice 
measurement location within the structure. This is especially the case for lightweight 
structural elements such as floors, walls and ceilings, which possess a rich modal distribution 
at the frequencies of interest. Generally, well below the fundamental structural resonance 
frequency, little or no amplification will occur from the modal response of floors and walls. 
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Whereas above the resonance frequency, a number of vibration modes exist, each mode 
potentially producing an amplified response. It is recognised that the maximum amplitude 
generally occurs near mid-span locations but symmetry implies antinodes in alternate orders 
of mode at exact mid-span locations. Floor surface areas are generally larger than wall surface 
areas. Thus, they may have lower bending mode frequencies than walls. A prescribed way 
(ANC, 2012) of selecting a measuring location is at the point of entry of vibration to a 
sensitive receptor (i.e. where the equipment is to be installed or where a person is likely to 
be). However, if the sensitive receptor is to be modelled as a non-stationary receptor, then a 
generalised response needs to be estimated. For the reasons given above, the conventional 
measuring locations are assumed slightly off centre. 
 
General Curves 
General data for such building TFs can be found in “US FTA” (Saurenman et al., 1982) and 
section 16.4.3 of the “Transportation Noise Reference Book” (Remington et al., 1987), ANC 
2012 and (FTA 2006). The main finding of these documents are summarised in Table 2.1. 
However, these general curves, are believed to be sourced from the same research, and are 
based on North American buildings from the 1970s. These are not necessarily typical of UK 
dwellings and the current work therefore has the objective to provide some UK applicable 
data. 
 
 
Table 2.1: Guidance on Vibration coupling losses (from ANC 2012) 
 Ground surface to foundation Floor to floor Floor resonance 
US FTA Wood frame: -5dB 
Large masonry structure no 
spread footings: -13dB 
1 to 5 floor:          
-2dB/floor 
5 to 10 floor:        
-1dB/floor 
+6 
UK Transportation 
Noise 
1-2 story commercial: -7dB 
2-4 story commercial building:    
-10dB 
- 3 dB/floor + 5 to 15 dB 
over the range 
of 16-80Hz 
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2.5 INSTRUMENTATION AND VIBRATION MEASURING 
TECHNIQUES 
 
2.5.1 EXCITATION MECHANISM  
For non self-excited vibratory systems, such as the ground, the relationship between the 
output and the input can only be determined if there is an external excitation. The relationship 
between the signal’s input and output of a system, known as the system’s impulse response, 
should be unique and hence useful only if the system is essentially linear so that the principle 
of superposition can be invoked (Smith, 1989). A function that describes the system through 
which vibration propagates (e.g. the ground) is called a transfer function (or transmissibility 
function if phase is omitted). This is to say that, any transformation the vibration signal 
suffered, when propagating through the ground, is independent of the vibration signal’s 
characteristics (e.g. absolute levels, spectrum pattern, time of exposure to vibration, etc). 
These functions can effectively be acquired through the: 
• impact test, which consists of dropping a weight onto the ground (or a sledgehammer 
blow to the ground) and recording the resulting vibration data at two positions: one 
representing the system’s input and another representing the system’s output,  
• frequency sweep, using a mechanical shaking device capable of continuous sweeping 
through the frequencies of interest; or  
• maximum length sequence (MLS) (Singleton, 2005), which consists of injecting a 
deterministic signal to the system’s input using an electromagnetic shaking device, 
and comparing the input with the output.  
Of all three, the most practical one for work at a ground site is the impact-test, which is the 
one that has been adopted for this project. Additionally, as previously mentioned, for a 
legitimate use of transfer functions one has to determine the extent to which the ground can be 
considered a linear time-invariant system. In respect to linear systems, when characterising 
the ground, will the vibration characteristics and emitted force of the excitation mechanism 
being used produce an equivalent transfer function as the one produced by pass-by? This is to 
be addressed through field-work. However, investigating whether or not the ground is a time-
invariant system (i.e. certifying that the system is one whose output does not depend explicitly 
on time) will not be addressed in this thesis. Nevertheless, due to changes in moisture content, 
the soil, as a structure through which vibration propagates, shows to be a time-variant system.   
  
2.5.2 MEASUREMENT PROCEDURES (COUPLING TECHNIQUES) 
ANC (2001) recognises that there are a number of challenges associated with using national 
and international standards for collecting environmental vibration data. This is believed to be 
a consequence of a rapid evolution of vibration measuring equipment and also the large 
variety of measuring equipment with different characteristics that are now available. 
Poor coupling of transducers to the ground can cause friction and slippage of the transducer, 
resulting in distortion, altering the amplitude and phase of the received signal, often yielding 
higher measured vibration levels. It has been established (Washburn and Wiley, 1941) that 
ground coupling is subjected to a resonance phenomenon, where the transducer and the 
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ground coupling form a resonant system. An effective coupling should maintain firm and 
continuous contact between the transducer and the structure being measured without 
interfering with the transfer of vibration.  
However, although National (e.g. BS 6472-2:1992) and International Standards as well as 
professional bodies (e.g. ANC 2012) offer measurement procedures and guidelines, they do 
not quantify the significance of each proposed method. Consequently, since there is no unique 
transducer mounting method that can accommodate all types of ground structure (ground 
surfaces can be covered with cement, asphalt, embedded slabs or just soil), there is a need to 
gauge the relevance of each proposed method.  
The literature review presented in The Influence of Vibration Transducer Mounting on the 
Practical Measurement of Railway Vibration (see Appendix B Section 2) reveals 
inconsistency in what is the best way of coupling the sensor to the ground. Nevertheless, 
(from standards) it is incumbent on the operator to evaluate field conditions and to obtain 
good coupling between transducers and the structure to be monitored in terms of coupling and 
transducer alignment. This lack of a proposed coupling method again presents some issues for 
this research that need to be addressed. The most common mounting techniques which are 
reported in the literature are represented below in Figure 2.3.  
 
Figure 2.3: Most common transducers-to-ground mounting systems 
 
2.6 SUMMARY – CONCLUSION AND RESEARCH REQUIREMNETS 
A brief insight into the theory behind the research topic has been given. As established above, 
due to the complex nature of the problem, along with the difficulties of acquiring the 
necessary parameters to feed into credible theoretical models (Section 2.2.1), it was found that 
the FTA (2006) method serves as a good framework for the prediction procedure, fulfilling 
the requirements for it to be adopted for further studies and development. This finding is 
expanded in the paper “Procedures for Estimating Environmental Impact from Railway 
Induced Vibration: A review” (Appendix A), where a set of procedures, believed to satisfy the 
EIA detail design stage are contrasted. 
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The review did not come across any uncertainty levels (given by the spread of data) that the 
FTA method might comprise. This requires the research to assess the significance of each 
component, mapping-out the impact on the overall induced vibration and the expected 
accuracy (through spread of data) guiding the analyst to judge appropriate allocation of 
prediction resources (e.g. for a given accuracy level, how many impact points along the line 
can the analyst afford to undertake in light of the logistic effort).  
As a practical method of modelling the receiver (building), the review identified no more than 
a set of empirical generalised curves representing typical North American constructions from 
the late 1970s. However, there is no evidence on how well these curves represents current UK 
constructions. Consequently, there is the need to investigate an effective way of acquiring a 
ground-to-building transfer function and to acquire such data. 
Additionally, the review did not provide evidence of a robust yet resilient way of collecting 
data that satisfies relevant site conditions. Since a solid data collection procedure is 
paramount for empirical modelling (as proposed by the FTA method) the research programme 
needs to adopt or develop an effective protocol for data collection and analysis. 
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3 THE RESEARCH METHODOLOGY 
 
3.1 INTRODUCTION 
This chapter outlines the research philosophy adopted during this project. How the methods 
relate to the research objectives is presented by placing the research tasks in relative context 
with one another and with the wider industry. Tasks are put into the context of subsequent 
developments, and a ‘research map’ is presented with clear definition of how each objective 
has been achieved. The adopted research techniques are addressed in Section 3.3, and a 
summary of the research tasks are presented in Table 3.1. 
 
3.2 PRINCIPLES OF RESEARCH METHODOLOGY 
There are various factors that affect the research design such as the nature of the research 
question, technical means, time constraints, budget constraints, etc. A methodology is a 
guideline system for solving a problem, with specific components such as phases, tasks, 
methods, techniques and tools. It then helps the researcher in each case to manage these 
factors and chose the correct strategy to be used. This includes the type of evidence gathered 
and its origin, the way in which such evidence is collected and interpreted, and how it helps to 
answer the research question posed. 
Methodology encompasses two aspects, ‘research methods’ and ‘research techniques’: 
‘Research methods’ refers to the manner in which work is undertaken (data collection and 
sources) and ‘research techniques’ refers to the specific investigation tools by which the work 
is undertaken (analysis approaches). In essence, there are two types of research methods when 
conducting empirical research: “quantitative”, which is deductive, testing existing theories 
with the aim of proving or rejecting hypotheses (scientific method); and “qualitative”, which 
is a method that enables the description, coding and interpretation of data in an inductive 
manner. 
Effectively, “quantitative” methods rely on commensurable data collection, subjected to 
mathematical analyses enabling quantifiable observations and generalisations as a means of 
formulating governing laws – laws that enable positive scientific progress to be made 
replacing superstition and guesswork as the basis for making decisions about the control of 
nature. Qualitative methods, on the other hand are based on descriptive data, so as to 
understand the meaning, not the frequency, of a naturally occurring phenomena. It is used 
typically in social sciences instead of natural sciences. Whilst qualitative research is 
‘subjective’ and interpretative in nature, with an emphasis on experience and description, 
quantitative research is ‘objective’ in nature, defined as an enquiry based upon testing 
hypotheses (Naoum, 1998). 
Engineering research by its nature concentrates around data acquisition and verification, 
analysis and validation, as it focuses on the conception, design and creation of prototypes 
rooted on causality. Therefore, it typically falls into a quantitative categorisation, which is the 
corner stone of the “Positivistic Approach”. 
In the context of this research project the positivistic approach, relying on quantitative 
methods, has been adopted. As part of this research, technical means have been studied and 
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revised enabling the conceptual design, which includes experimentation with test equipment, 
software and hardware creating a protocol that fits the research needs. 
 
3.3 RESEARCH TASKS BREAKDOWN  
In order to address the research aim (Section 1.5), the first step was to undertake a 
comprehensive literature review so that the research project could be broken down into a 
series of questions and tasks, associated with the objectives presented in Section 1.5, allowing 
selection of appropriate research methods and techniques. A summary of the research 
objectives, questions and methodologies adopted is contained in Section 3.5. The two 
methodologies include gathering and reviewing information and experimental research.  
The table below contains a general overview mapping the project objectives and deliverables 
to main activities undertaken. 
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Table 3.1: Research task and associated publications 
Research task Activities/ Means Target Obj.  Publications 
Literature review 
Conduct an insight of the 
theory behind the research 
topic (Read- analyse-
compile) 
Aimed at breaking 
down the project into 
shorter segments so as 
to defining the 
research-design. 
1 - Paper 1 
Design the 
instrumentation for 
GBV assessment. 
Establish a data 
acquisition 
technique, meeting 
both the project’s 
aim and URS’s 
means. 
Literature review and field 
work testing (Read-
experiment-analyse-
compile) 
Experimental activities 
centred around available 
apparatus.  
Establish a ground 
excitation mechanism, 
tailored to the in-house 
needs and means, to be 
used when analysing 
soil dynamic behaviour. 2 
- Technical report 
(calibrating a 
lightweight 
deflectometer) 
Put in place a technique 
of coupling the 
transducer to the 
ground. 
- Paper 2 (transducer 
mounting methods) 
 
Establish an analysis 
procedure and 
develop software to 
fit the method. 
Literature review, 
contrasting computer 
algorithm design using 
Matlab. 
Develop a Matlab 
routine to undertake 
specific analyse based 
on DSP algorithms. 
2 
- Technical report 
(DSP) 
- Technical report 
(VDV) 
Undertake GBV 
measurements 
Field measurements in 
accordance to developed 
procedures 
Data to be used for 
experimental purpose 
(enabling research and 
publications). 
3 n/a 
Building TF 
database that 
represents typical 
UK dwellings 
 
Literature review and 
measurements (i.e. field 
collected data). 
 
 
A written document on 
methodology and 
results that make up the 
database. 
- Collect information 
for a range of UK train 
types and typical 
building structures. 
3 - Paper 3  
Optimising the 
adopted procedure 
for routine use. 
Test the procedure (within 
a commercial project) and 
identify possible issues 
with the procedure may 
contain. 
Identify drawbacks that 
can be circumvented. 
4 
n/a 
Sensitivity analysis. 
Develop and provide a 
modelling technique 
that can be used under 
adverse circumstances 
(i.e. for which the 
adopted procedure 
needs to be modified).  
- Paper 4 
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3.4 METHODOLOGY OVERVIEW AND DEVELOPMENT 
A research map showing the research tasks, information flow, research output and contextual 
developments is shown in Figure 3.1. Yellow boxes represent desk-top research activities; 
green boxes represent field measurements; orange boxes represent milestones; arrows 
represent processes linking activities and millstones, from which papers are derived (grey 
boxes).  
 
 
 
Figure 3.1: Research map showing the research development overview 
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3.5 ADOPTED RESEARCH TECHNIQUES AND DEVELOPMENT 
3.5.1 LITERATURE REVIEW (OBJ. 1) 
The literature review (Objective 1) is the first key stage of the research programme, aiming to 
give an insight into theory behind the research topic and reveal the existing knowledge and 
establish the state of the art. Initially, a comprehensive literature review of the project was 
performed to reveal the existing knowledge and establish the state of the art of the subject. 
This led to the structure and design of the project methodology, breaking it down into shorter 
research tasks. Further reviews, focusing on specific themes were conducted in order to 
design each research task accordingly. These reviews aimed to: 
• Adopt vibration measuring and analyses techniques or develop an appropriate 
methodology that includes: 
o Practical transducer mounting techniques for assessing rail-induced 
vibration (findings reported on Appendix B) 
§ different coupling materials; and  
§ most commonly used transducer-to-ground coupling techniques. 
o Investigate and establish a procedure based on digital signal processing to 
be used on a routine basis (findings reported in Appendix F). 
• Identify the most common building response models and establish their issues   
(findings reported in Appendix C). 
• Identify ground dynamic behaviour modelling techniques (findings reported in 
Appendix D). 
• Evaluate and assess proposed rail-induced vibration EIA procedures – to establish 
the most appropriate modelling technique for this project (Appendix D). 
 
3.5.2 ESTABLISHING A PROTOCOL FOR ASSESSING RAIL INDUCED 
VIBRATION (OBJ. 2) 
The first stage of the experimental research (Objective 2) is associated with conceptual 
design, adopting/creating and developing measuring techniques (including experimentation 
with test equipment, software, hardware and protocol development). Key research 
methodology consideration included definition of test requirements, development of a design 
strategy, and securing means of implementation. The first stage of the experimental research 
has been broken into 3 areas. 
 
1 Vibration Measuring Protocol – in order to establish and develop a representative 
transducer mounting systems a set of relevant transducer to ground mounting 
technique is analysed and contrasted. The assessment scoring has been based on 
data collection repeatability and qualitative observations, specifically on the 
interpretation of detectable phenomena (e.g. resonance giving rise to vibration 
levels within a frequency range). 
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2 Excitation Mechanism (developing an integrated system for routine use) – As 
established in the literature review, apart from the source term, all other elements 
(e.g. ground structure, building foundation etc.) are modelled using transfer 
functions. However, when deriving a vibration transfer function through field 
measurements, it is important to choose a test excitation mechanism capable of 
producing a representative signal to feed the system that is being analysed. Thus, 
the measurement relies on an effective excitation system. The excitation system 
that will be adopted has been calibrated through laboratory tests and validated by 
comparing its performance against the excitation induced by a passing train. 
 
3 Data Analysis Protocol – there are two distinct aspects to the analysis protocol. 
The first concerns the efficiency of raw data manipulation, the second addresses 
the format in which data need to be reported. Thus, two phases are considered. The 
first phase will concentrate on designing and implementing a set of Digital Signal 
Processing (DSP) routines for analysing collected data. By comparing and 
contrasting each DSP routine to commercially available software it will test and 
analyse the impact of sensitive parameters using field data. To establish the most 
adequate analysis technique, the second phase will investigate the best method of 
analysing the data in order to meet the needs of the model. Methods to analyse 
ground borne vibration data for environmental purposes are given in BS 6472-1: 
2008, BS 7385-2: 1993. However, such methods do not satisfy the model’s needs. 
Although the model’s vibration output format will be delivered as stated in the 
standard BS 6472-1: 2008, in VDV, the need to exploit and take advantage of 
other analysis mechanisms arises due to cross manipulation of different input 
parameters that make up the model. Thus the pre-processing data needs to be in a 
format with the necessary flexibility to be manipulated. 
 
 
3.5.3 FIELD PROCEDURE FOR ASSESSMENT AND MODELLING (OBJ. 3 & 4) 
 
In order to meet Objectives 3 and 4 (i.e. adapt, optimise and validate the adopted prediction 
method) a study, addressing the given resources and the modelling procedure requirements, 
will be conducted by breaking down the modelling procedure into components (i.e. isolate 
and analyse the processes that impact on the emitted vibration). This will enable the 
examination of the effectiveness of each component being analysed. That is, the significance 
(measured by the relative impact the component has on the overall emitted vibration), and 
uncertainties (measured by the spread of data that the component yields). This will help to 
allocate modelling resources to the most significant modelling processes. 
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Methodology for designing the Source Term (i.e. Force Density) and ground modelling 
procedure  
As was established in the literature review a flexible empirical modelling procedure relies on 
acquiring a source term (vibration emitted by a specific vehicle/track configuration) and the 
transfer functions that describe the intervening systems between the source and receiver (e.g. 
ground structure and building elements). The source term is then combined with the transfer 
functions to give the expected vibration levels at the receiver location. 
The Force Density (FDL) and LSTM will be acquired as defined in FTA (2006), see Section 
2.2.3, at various locations. Since the modelling of the source requires the ground structure to 
be known the investigation starts by analysing the LSTM. The process will start off by 
decomposing and analysing all the processes involved in deriving the LSTM. This will allow 
the assessment of the significance of each stage, giving an insight into any possible source of 
uncertainty. Furthermore, it will enable the reduction of the assessment procedure when 
characterising the ground (it may give way to a short cut to develop the LSTM). Similarly, the 
processes involved in deriving the Force Density (including ground characterisation through 
the LSTM) will be scrutinised so as to establish the source of spread in the data and which 
parameters are the most relevant. 
  
Assessing the Receiver 
As established in Section 2.4 two aspects will be analysed: methods of acquiring building 
transfer functions; and, generalised curves. A transfer function method grounded on guidance 
given in ISO 4866:2010 will be studied through field data collected at a site constituted by a 
representative building close to a rail track. This enables the method to be compared with 
actual train induced transfer functions. Having established the best method for deriving 
transfer functions the generalised curves representing UK buildings will be derived from 
measurements at various sites.  
 
 
3.6 SUMMARY 
The research methodology considerations are different for each of the identified research 
tasks. The main research methodologies included gathering and reviewing information 
(objective 1) and experimental research. The latter is divided into three segments: (1) 
developing a survey protocol (objective 2) – by studying the efficiency of relevant proposed 
techniques; (2) assessing the effectiveness of rail-induced vibration modelling (objective 3) – 
based on field data, this is done by breaking down the chosen methods (FTA method) into 
components and analysing their effectiveness, including significance and uncertainty levels 
that may arise at each stage of the process; and (3) (objective 4), based on the results from the 
analysis, design a comprehensive and flexible predicting procedure tailored for the UK 
meeting the EIA detail design stage requirements. 
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4 THE RESEARCH UNDERTAKEN 
This chapter details the research undertaken to achieve the aim and objectives and highlights 
the main results of the research. It refers where appropriate to the method for the work 
developed in Chapter 3, and published papers and reports in the appendices where more detail 
of the work undertaken (referred to herein) can be found. This chapter should be read in 
conjunction with these appendices where appropriate. 
 
The chapter has the following structure, Section 4.1 presents, some key results and discussion 
of the studies undertaken for establishing assessment protocols developed to fit within the 
FTA protocol, including consideration of how transducers used in field work should be 
coupled to the ground and how a vibration test impact should be generated. It also explains 
how the collected data should be analysed. Section 4.2 presents key results and a discussion 
of the adopted field assessment procedure and vibration modelling method. It also considers 
the possibility of shortening the FTA procedure by weighing the uncertainties of reduced data 
collection with the complexity of analysis. Section 4.3 examines relevant methods for 
measuring ground-to-building transfer functions and discusses the limitations of currently 
used industry methods. Section 4.4 tests the developed field data collection and analysis 
methodology on a light rail transit scheme to further develop data collection methodology to 
allow it to be incorporated in the main FTA method as a way of raising its industrial 
practicality.  
 
4.1 FIELD VIBRATION ASSESSMENT PROTOCOL AND DATA 
ANALYSIS 
4.1.1 FIELD VIBRATION DATA COLLECTION PROTOCOL 
The choice of the measuring technique used to collect field vibration data depends on the 
vibration problem being assessed and on the subsequent use of the data obtained. As there are 
a large number of different vibration sources and various types of vibration signals (i.e. its 
duration, frequency content and whether it is deterministic or random), the selection of the 
appropriate measurement method to analyse the problem should be given careful 
consideration. This section explains and justifies the proposed procedure for measuring 
ground-borne vibration measurements in a field survey for use in a railway vibration analysis. 
 
Transducer Mounting  
When undertaking field vibration measurements, placement and ground coupling of the 
vibration sensors (transducers, commonly accelerometers) are two critical factors to ensure 
accurate determination of ground vibration. An effective coupling between the transducer and 
the ground is often difficult to achieve, especially when the transducer mounting is restricted 
due to the nature of the site/ground structure (i.e. paving type or soil type/condition). Poor 
ground coupling can cause friction and slippage of the transducer relative to the ground, 
resulting in vibration distortion, altering the amplitude and phase of the signal, often yielding 
higher measured vibration levels. It has been established (Washburn and Wiley, 1941) that 
ground coupling is affected by a resonance phenomenon in which the mass of the transducer 
and the ground form a resonant system. An effective coupling should therefore maintain firm 
and continuous contact between the transducer and the element being assessed without 
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interfering with the transfer of vibration. However, there is no unique transducer mounting 
method that can satisfy all types of ground structure; ground surfaces can be covered with 
cement, asphalt, embedded slabs or just soil. 
 
The literature reviewed presented in EngD Paper 1 Section 2 (Appendix B) reveals 
inconsistency in what is considered the best way of coupling a sensor to the ground. 
Nevertheless, it is essential when taking measurements to obtain a good coupling. Therefore a 
study, given in two parts (see Appendix B), was undertaken to compare and analyse: (1) 
different coupling materials (referred here as “couplant”) used for affixing transducers 
directly on to a sturdy structure (e.g. slab, spike), and the accuracy of the transducer vertical 
alignment; (2), four of the most commonly used transducer-to-ground coupling techniques 
(spikes, buried transducers, slabs, and the transducer directly fixed with plaster to the ground). 
The first part of the study revealed: 
• for transducer coupling, beeswax (a typical recommendation) and ‘Blutack’ performed 
very similarly. There was less than 1 dB difference for frequencies ranging up to 
500 Hz. 
• for vertical alignment accuracy (i.e. 0 degrees transducer orientation), when assessing 
over-ground rail-induced vibration, an error of up to 10 degrees, (for a frequency 
range up to 350 Hz), gave a the deviation below 1 dB. For a 20 degree offset, the 
deviation was less than 1 dB for frequencies ranging up to 200 Hz.   
There is, therefore, no need to achieve a perfect transducer vertical alignment, and convenient 
coupling materials such as ‘blutack’ can be used without significant detrimental impact on the 
vibration data collected.  
The second part of the study, examined the degree of sensitivity of four commonly used 
transducer-to-ground coupling systems. The experiment compares train pass-by spectra 
measured using specific ground-to-transducer coupling mechanisms.  Four transducers were 
coupled to the ground within a small area close to a rail line; each through a particular 
mounting system. Simultaneous measurements of train pass-bys were undertaken assuming 
that any difference observed amongst the four resulting vibration levels was due to the 
mounting system.   
Inconsistency between transducer-to-ground coupling performances was shown to be 
dependent on the type of ground texture and characteristics of the input vibration. 
Significantly, the study demonstrated (see Figure 4.1) that the type of transducer-to-ground 
coupling system can influence measurements up to 10 dB within the 5 to 200 Hz bandwidth.  
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Figure 4.1: Four transfer functions (normalized to the buried transducer response) showing 
the relative effect of different ground coupling systems 
 
This study revealed the degree of difficulty there is in identifying a trend that can characterise 
the use of any of the assessed coupling mechanisms, especially when different ground types 
are considered. It is worthwhile noting that the transducer anatomy (i.e. size and weight) made 
it difficult to maintain position whilst covering the buried transducer, especially on granular 
ground. However, predicating on the assumption that a poor coupling system often yields 
high vibration levels (due to the resonance caused by the coupling system (Washburn and 
Wiley, 1941)) along with the claim that spikes tend to over-estimate true ground vibration 
(Krohn, 1984), it was found that amongst the tested methods that the spikes offer a superior 
performance (see Figure 4.1, where both spikes yield lower vibration levels). Moreover the 
test also revealed the spikes to perform consistently. As the round spike is seen as the most 
practical method, due to its dimensions, it was the method adopted throughout the research 
whenever possible. For situations where there is no choice of mount (e.g. paved areas), the 
discrepancy shown above needs to be considered.   
 
Excitation Mechanism 
When deriving a transfer function through measurements (as defined in Section 2.2.3) it is 
crucial to choose an excitation mechanism capable of producing a distinct percussive signal 
(i.e. Dirac-delta type) to feed the system that is being analysed. Not only to spread the 
dynamic energy evenly throughout a wither frequency range, but also because excitation-
signals containing multiple percussive impulses may produce spectral deeps at critical 
frequencies. A justification along with a brief description of the selected excitation method for 
the “impact-test” is given below. This is followed by a description of the required alterations 
to the original equipment. Validation of the work done (i.e. calibration of the load cell) is 
presented in Appendix E. This section culminates with a brief investigation to see how the 
excitation mechanism along with the ground structure may impact on prediction uncertainty. 
To meet (FTA 2006) requirements, an impact mechanism has been developed that is capable 
of emitting a “Dirac-delta” like impulse that could be detected, above background noise, more 
than 30 m away from the impact point. The mechanism is easy to operate (not requiring much 
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effort to apply the number of impacts needed for characterising the ground), and yet is 
portable, and can be operated single-handedly. Additionally, in order to derive transfer 
mobility, the impact force that is being transmitted into the ground needs to be measured. This 
is typically done through a force transducer e.g. a load cell, mounted between the impact 
instrument and the ground. A report on the chosen method is given in Appendix E. This 
contains: (1) a brief discussion of its selection, (2) its calibration, (3) its validation. The report 
also presents a study conducted to examine its effectiveness as an impact-test excitation 
method. 
This study concluded that the Light Weight Deflectometer (LWD), a device used by the URS 
pavement engineering section to measure the dynamic stiffness response of subgrades, had the 
potential, with some alterations, of satisfying the above requirements. The LWD (Figure 4.2) 
consists of a 20 kg mass, falling vertically down a rod, from a height of one metre, on to 
rubber buffers. A load cell (capacity 2kN) installed between the rubber buffers and the 
supporting round plate measures the resulting impact force. Although this tool is equipped 
with a dedicated data collection and analysing system it does not satisfy the data requirement 
for the proposed dynamic analysis method (See Section 4.1.2, below). Therefore some 
alteration had to be made to synchronise all transducers (i.e. impulse and vibration response 
measurements at some distance from impact). For this, the load cell had to be disconnected 
from the LWD internal system and connected to an external dedicated data acquisition 
system.  
 
Figure 4.2: Portable LWD (Light Weight Deflectometer) 
 
 
Establishing Potential Uncertainties Induced by Different Excitation Mechanisms 
To investigate the significance of the excitation signal when characterising the ground a field 
study was conducted. Four excitation mechanisms, LWD (i.e. impact test) and three different 
train-Classes (Class 170, Class 185 and Class 142) have been contrasted. For each of the 
mentioned excitation mechanisms, the assessment evaluates the decay rate that the ground 
offers to vibration. Figure 4.3 shows the potential magnitude of influence that excitation 
mechanisms have when evaluating the ground structure decay rate. The Figure contrasts the 
different decay curves as a function of frequency based on an 8 m distance ground transfer 
function. Measurements were taken at 8 and 16 metres away from the point of impact ( Figure 
4.7 details the setup). Data presented in Figure 4.4 is based on a 16 m distance ground transfer 
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function. Measurements were taken at 8 and 32 metres away from the point of impact ( Figure 
4.7 details the setup). The trains used in the excitation process run perpendicular to the line 
defined by the two transducers and 6 metres behind the point of impact (see  Figure 4.7). The 
curves representing the impact test are based on the LSTM as defined in Section 2.2.3. Each 
train-induced curve derives from averaging eight pass-bys induced curves.  
 
Figure 4.3: Ground decay rate as a function of excitation mechanism – assessment based 
on an 8 m ground stretch  
 
 
Figure 4.4: Ground decay rate as a function of excitation mechanism – assessment 
based on a 16 m ground extent 
 
The decay rate of the ground can be approximated by applying the Mintrop equation (see 
equation 2, Appendix A) to the scenario being considered (i.e. assuming surface line source 
where the r-wave is the dominant wave type; see Table 2, Appendix A where n=0). This will 
give the following expression in dB:  
dBV = 20 log(A0 )−α(r1 − r0 ) log(e)[ ]     Equation 4.1 
Where r0 and r1 represent the distance from the source; A0 represents the vibration amplitude 
at r0; α is the attenuation coefficient due to material damping (m-1).  
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Equation 4.1 shows a linear relationship between vibration decay and distance. Thus, for the 
situation being considered it can be seen that geometric spreading does not significantly 
influence the vibration levels.  
Referring to both Figures above, it must be noted that the 8 m extent assessment setup (see  
Figure 4.7) relies on both transducers being located close to the source (i.e. 8 and 16 meters). 
As for the 16 m assessment, only the first transducer is significantly close to the source. Thus, 
it can be argued that, for low frequencies, both measuring locations used for the 8 m extent 
assessment are under the influence of the near-filed effect (near field corresponds to distances 
shorter than a few wave lengths). This, however, is less the case for the 16 m extent 
assessment, where the furthest transducer is positioned 24 m away from the source. It can be 
seen that when inferring the vibration decay rate, different values are obtained depending on 
both the excitation mechanism and the distances being assessed. It is worthwhile noting that 
this study also shows variation in ground decay rate due to difference in train types. In 
general, however, the assessment based on the 8 m stretch shows to yield a high degree of 
variation, especially between impact-test and train induced curves. For the 16 m stretch 
assessment, the greatest variation comes from the LSTM at both ends of the spectrum and 
from the Class 185 at around 50 Hz (see Figure 4.4  Class 185 at around 50 Hz frequency 
band). It appears, as discussed above, that the closer the observation point is to the source the 
higher the discrepancy between excitation mechanisms. However, to reduce the effect of this, 
the methodology should average the force densities evaluated at three distances perpendicular 
to the line of impacts.  
 
Field Vibration Data Collection Protocol Summary 
A field protocol for assessing rail-induced vibration, which satisfies the required methodology 
(as described in Section 3), has been proposed and examined. The research summarised above 
has shown that when collecting data, the ground-to-transducer coupling is the weakest link in 
the chain when carrying out a vibration field survey. To accommodate this, it is suggested that 
the round spike should be used when possible.  
The ground structure showed some response variability as a function of excitation 
mechanism. It showed to have a higher degree of variability for short distances evaluation 
than for long distances, in particular when deriving the LSTM. To make up for this, 
predictions should be based on an average of data collected at different distances from the 
source.  
 
4.1.2 ANALYSIS PROTOCOL 
To take full advantage of field data measurements it is critical for the acquired information to 
be processed and analysed in the most fitting way. Data processing is paramount not only for 
accuracy purposes but also to promote its use in agreement with the chosen method (for this 
research programme the impact-test as required by the FTA procedure). This section explains 
the processing method developed for the field data. 
 
Field Data Processing (Digital Signal Processing Analysis) 
The FTA guidance outlines the principles of the field data collection process but presents little 
on the data analysis required to produce data to feed into the vibration prediction model, 
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referring only to the use of specialised multi-channel spectrum analysers. Typically this type 
of analysis is done either on site, as real-time analysis (requiring an extra person on site), or as 
lab-based post processing, which might imply going through each set of Digital Signal 
Process (DSP) routines one at a time. It is worthwhile mentioning (as established in Section 
2.2.3) that depending on the train length being assessed, the FTA methodology requires 
around 10 to 20 impact locations (averaging 10 to 20 impacts at each) to be performed, and 
recorded at 3 or more observation points (ideally 3 to 6 locations). This can yield between 300 
to 1200 data points that need to be analysed through a set of DSP algorithms. Thus, if an 
automated DSP routine is not at hand, this whole process becomes almost impractical.  
Although commercial DSP software is available care is needed in selecting software to ensure 
it contains all the required processes and covers the boundary settings/frequency ranges 
required to analyse data in a LSTM based methodology. Therefore a Matlab script was 
developed and implemented to allow an appropriate system to be used.  
Figure 4.5 shows the block diagram illustrating the data processing scheme for deriving the 
transfer mobility from field-measured data. Among the stages shown below, the second stage 
(i.e. conversion from the time domain to the frequency domain) is the most sensitive with 
compounded processes, needing a number of DSP routines for shaping the data into the 
desired form. Thus, this part of the analysis process was thoroughly examined, not only to 
produce an efficient process but also to inspect the errors that may be introduced due to 
misuse of specific algorithms. A report in a form of an unpublished paper is given in 
Appendix F. A brief summary of the processing and the key findings is presented below. 
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Figure 4.5: Block diagram of the data process scheme when deriving a Frequency 
Response Function 
 
A review of the detailed vibration assessment methodology proposed in FTA lead to the 
development of a set of DSP procedures. DSP phenomena, inherent in the field data 
manipulation, that have the potential to compromise the accuracy of vibration analysis (e.g. 
bias errors, especially at low frequencies when combining narrowband into 1/3 octave band 
spectrum), have been thoroughly analysed. For the impact-test analysis, due to the manner in 
which DSP algorithms are being employed, experiments based on field data revealed 
noticeable influences of such bias errors at very low frequencies (approximately up to 16 Hz). 
In essence, deviations caused by “bias errors” are associated with the length of the signal 
being analysed impacting on the narrow band frequency resolution. Thus the study mainly 
focused on impact testing where the energy being processed is confined to a few milliseconds. 
Nevertheless, it was found that not only are impact-test analyses sensitive to such “bias 
errors” but also, when dealing with short trains, under typical circumstances, the Force 
Density acquisition process is capable of yielding a deviation of up to 7 dB at a 1/3 octave 
frequency band. However, when characterising a train, the averaging process used in the data 
processing tends to overcome these “bias errors”. Yet for “Transfer Mobility” where the 
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transducers are time synchronised “bias errors” will not be reduced by averaging. An effective 
way of overcoming this issue is to specify that the spectral frequency resolution at the 
narrowband analysis stage (which is the process preceding the 1/3 octave-band computation) 
is of 0.25 Hz or lower. 
As a deliverable, a Matlab script was generated entailing a graphic based user interface (GUI). 
It processes the data in accordance with the findings, through a set of DSP automated 
routines. The data is then exported as a set of transfer mobility functions (in 1/3 octave bands) 
to be then processed in an excel sheet, using the Simpson rule for line integration. Another 
aspect that is worth noting when analysing vibration data, is the human inspection of the data 
to single out corrupted data. The script developed allows the analyst to monitor the data 
processing in real time to achieve this. 
 
VDV 
In the majority of cases in the UK, the assessment of the impact of environmental vibration 
requires the calculation of a Vibration Dose Value (VDV). The definition of the VDV is 
presented in BS 6472-1:2008. This Standard requires the VDV to be calculated directly from 
time history data given in the acceleration domain. For calculations for procedure proposed 
herein (i.e. frequency domain analysis), the use of predictions in octave bands prohibits the 
use of the VDV directly. 
A superseded version of BS 6472-2:1992 provides a method for calculating an estimated 
VDV (eVDV, where e stands for estimated) from an overall weighted acceleration. The 
Standard notes that a scaling factor (see equation 1 Appendix G) of 1.4 is empirically derived 
for many signal types and that care should be used to determine if this equation is appropriate 
for the specific situation under assessment. However, quite apart from this difficulty, as 
eVDV does not compute well for vibration with time varying characteristics or shocks’ 
(unlike rail emitted vibration), the eVDV lost significance for use in analysis (ANC, 2012). 
In order to gain confidence in eVDV as a method of attaining a representative VDV for 
assessing rail-induced vibration, a short statistical study, based on field data was conducted. 
The process relies on regression analysis by contrasting how well the inferred eVDV 
correlates to the measured VDV (see Appendix G). The results show that if an empirically 
derived scaling factor is obtained for a particular class of train from measured pass-bys, there 
is consistent agreement between eVDV and VDV, and so it can be used to help data 
conversion within an EIA. 
 
Analysis Protocol Summary 
An analysis protocol capable of processing field data, conforming to FTA requirements, has 
been assessed and developed. The study revealed some potential errors that may arise due to 
the specification of DSP algorithms. However, these can easily be accounted for, by using the 
appropriate DSP settings. Additionally, the calculation of VDV through spectral data was 
shown to be effective if the scaling factor required is empirically derived for each train pass-
by configuration (i.e. class and size).  
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4.2 FIELD PROCEDURE FOR GROUND AND SOURCE 
ASSESSMENT/MODELLING 
To demonstrate the effectiveness and issues that arise from an empirical method such as the 
FTA procedure, this section studies the method at two sites. These have been used to identify 
practical drawbacks of assessing a proposed scheme, within the FTA framework, and then 
testing revisions to the system to improve some of the drawbacks identified.  
 
4.2.1 SITE CONDITIONS  
 
Site Descriptions 
Two sites were employed to study the effectiveness of the field procedure when modelling 
both the ground dynamic behaviour and the vibration source term.  
• Site “ANR” is situated within Attenborough Nature Reserve, approximately 7 
kilometres south west of Nottingham's city centre, corresponds to an open field 
alongside the “Midland Main line” between Attenborough and Long Eaton stations. 
The soil is typically sand on gravel beds. At this site two locations (A and B) 
approximately 600 metres apart were assessed.  
• Site “HV” (Hope Valley) corresponds to a rural field adjacent to the “Hope Valley 
railway line”, between Hope and Bamford stations, in Derbyshire, UK. The soil at the 
site was identified as alluvial deposits predominantly silts and gravels. At the “HV” 
site, two locations (A and B), approximately 400 metres apart, were assessed. 
Trains that were common to both sites are Freight trains with a Class 66 locomotive and 
diesel unit Classes 158, 170, and 185. Employing the apparatus and protocols proposed in 
Sections 4.1, the measuring setup is as depicted in Figure 4.6 and  Figure 4.7 for the HV and 
ANR sites respectively. Track conditions for both sites appeared similar; track on ballast bed 
and at grade (no embankment). 
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Figure 4.6: Prevailing conditions and measuring set-up diagram at ‘ANR A’ site 
 
 
 
 
 Figure 4.7: Prevailing conditions and measuring set-up diagram at ‘HV A’ site 
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Investigation of Site Characteristics 
As mentioned in Section 2.2.2, due to the track filtering effect, the force density is highly 
influenced by soil characteristics and can therefore only be used to predict the vibration 
velocity level on sites with similar ground conditions. A way of determining soil hardness is 
by measuring the p-wave speed of the top layer. For practical purpose following the 
(Verbraken et al., 2010) classification, soil hardness as a function of p-wave are classified as 
given in Table 4.1: 
 
Table 4.1: Mapping p-wave speed as a function of soil hardness, as given in (Verbraken et al., 2010) 
Soil	  hardness	  vs.	  p-­‐wave	  speed	  
Soft	  
	  
<200	  m/s	  
Medium	   >200	  m/s	   <600	  m/s	  
Hard	   >600	  m/s	   	  
 
As described in Appendix A, seismic techniques, such as Surface Wave Methods requiring a 
specific apparatus and setup are commonly used to determine wave speeds. However, 
analysing the p-wave speed is a relatively straightforward process. This is because the p-wave 
is the fastest wave; thus, it is easy to recognise and isolate since it is the first wave to arrive at 
the receiver. The only challenge that may arise is due to interaction between layers. As deeper 
layers tend to have a harder structure than the top layer, a faster p-wave is expected at the 
second layer. Thus, there is the possibility that the first arriving wave travels partially through 
the second deeper layer. This is a function of layer depth, difference in layer structure and 
distance between the source and receiver. Under typical conditions, however, an 8 m source 
and receiver distance will not significantly impact on the evaluated speed.  
Using the impact test the wave speeds were established by measuring the time it takes for the 
first wave to travel from the load cell to the accelerometer located 8 m away. Figure 4.8 and 
Figure 4.9 illustrate the process used to determine the p-wave speed for ANR A and ANR B 
respectively. Note that at the surface the p-wave, which is the fastest wave, is of very low 
amplitude when compared to the r-wave. Green arrows identify the start of the p-wave at both 
locations. The p-wave speed analysis for each of the four locations, given in Table 4.1, 
suggests that the soils are of the same hardness; thus, for the same source configuration a 
similar Force Density spectrum is expected at all four locations.  
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Figure 4.8: normalised signals of the impact-test at the ANR site, location A; blue 
refers to the load cell reading (at the source); red refers to the transducer reading 8 m 
from the source 
 
 
Figure 4.9: normalised signals of the impact-test at the ANR site, location B; blue 
refers to the load cell reading (at the source); red refers to the transducer reading 8 m 
from the source 
 
Table 4.2: measured p-wave speed for the four locations being assessed 
p-­‐wave	  speed	  
site	   ANR	   HV	  
A	   380	  m/s	   333	  m/s	  
B	   363	  m/s	   296	  m/s	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Next, based on the adopted methodology (given in Chapter 3) each of the procedures relating 
to each of the sub-systems (source, path and receiver) will be independently examined. The 
aims being (1) to gauge uncertainties (i.e. expected levels of error based on the spread of 
data); and (2), to explore features and their significance. This may lead to the development of 
a more flexible method. This is done through a set of case studies at 4 locations (two locations 
at HV and two locations at ANR). Since the procedure requires the ground to be assessed (i.e. 
LSTM) prior to the source (i.e. Force Density), this section opens with the assessment of the 
FTA ground modelling procedure. 
 
 
4.2.2 GROUND MODELLING 
 
Analysing the Methodology Process 
As a way of analysing the process the ‘ANR A’ site LSTM was dissected, to reveal the 
relationship between each of the contributing Transfer mobilities. The LSTM, (which extends 
120m, see Figure 4.6) is defined using 15 point source TMs, assessed at 5m intervals. Figure 
4.10 shows each corresponding transfer mobility function at both sides of the line of impacts 
(east and west side; see Figure 4.10 and Figure 4.11 respectively).  
 
   
Figure 4.10: TMs that define the LSTM; refers to the responses on the west side of the 
line of impacts 
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Figure 4.11: TMs that define the LSTM; refers to the responses on the east side of the 
line of impacts 
 
From Figure 4.10 and Figure 4.11 it can be seen that the effective frequency range is confined 
to approximately 10 to 250 Hz. Outside this range the response falls into the background level 
of vibration.  Layered ground theoretic framework, which demonstrates the filtering effect as 
a function of top-layer depth (see cut-off phenomena in Section 2.2.1), provides the 
explanation for the low frequency limit given in both Figures above. Based on the layered 
ground theory, the information given in Figure 4.8 (considering the arrival time of the s-wave 
to be 60 ms) and Figure 4.10 (taking the cut-off frequency to be 10 Hz) suggests a top layer 
depth of around 3 m at the ANR site. The steep decay around 63 Hz to100 Hz seen in both 
figures (Figure 4.10 and Figure 4.11) is due to material damping, where higher frequencies, 
due to air pumping and friction (which has a greater impact on shorter wave lengths), tend to 
decay at a faster rate than lower frequencies. Since the LWD did not produce significant 
vibration levels above 300 Hz the rise observed at the high end of the spectrum (above around 
250 Hz 1/3 octave frequency band) can be regarded as noise. 
 
Contribution to measured vibration levels by the summation of an increasing length of source 
Since the procedure deals with energy summing as shown in equation 2.3, Figure 4.10 
suggests that there is scope for shortening the process, economising resources. This is due to 
the fact that when combining vibration levels in decibels, owing to the logarithmic properties 
it can be demonstrated that, any measured TM that falls 10 dB below the overall integrated 
value will not exert meaningful influence on the integration when computing the overall 
LSTM. Figure 4.10 above therefore indicates that any TM beyond 35m can be neglected 
without significantly affecting the 120 m long LSTM. As a means of economising resources, 
this suggests it may be possible not to survey the whole line (further discussed below). 
Consider an isosceles triangle (see Figure 4.12) representing the surface of a homogeneous 
ground structure. The base line corresponds to a dynamic line load (line of impacts) and the 
top vertex (point of the triangle) represents the observation point (i.e. where the transducer is 
located, point O). Due to the path difference between “CO” (observation point and baseline 
centre) and “EO” (observation point and base edges), intuition leads to the conclusion that, as 
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the base of the triangle widens, the vibration emitted from the edges (i.e. base vertex) lose 
significance. Similarly, as the observation point approaches the line of impacts, so too, the 
vibration emitted from the edges loses weight. The following is a brief study aiming to assess 
the significance of the line length, given an ideal situation (i.e. a homogenous ground 
structure). 
  
Figure 4.12: LSTM theoretical modelling showing different areas being integrated 
 
Given a ground attenuation rate of 1dB/m, which is a reasonable assumption (see Figure 4.3), 
then for an equilateral triangle where both base vertices are 10 m from the centre (see Figure 
4.12 left blue triangle) the difference in distances between CO20 to EO20 is 2.36 m. For the 
given attenuation this corresponds to a decrease in vibration level of 2.36 dB; the overall 
impact on the LSTM can be quantified using the expression below. 
 
  
Equation 4.2 
 
where  LVc is the vibration level emitted from the centre (e.g. impact at the centre position) 
N is the distance between each impact (e.g. 5 metres as used for Figure 4.6) 
 ΔV is difference in vibration level due to the difference in path length. 
Results depicting the contribution of the line extremes (i.e. base vertex when considering 
Figure 4.12) to the LSTM value are shown in Figure 4.13 and Figure 4.14. The graphs show 
for 1 dB/m (corresponding to an α=0.115, see Equation 4.1) and 0.5 dB/m ground attenuation 
rate (corresponding to an α=0.058, see Equation 4.1), how the relevance of the LSTM size 
diminishes as the dynamic source line lengthens (i.e. as the line source grows less 
contribution from its edges is expected at a single point perpendicular from the source). This 
is computed for three measuring points (20, 40 and 60 m corresponding to blue red and green 
triangles in Figure 4.12). For an observation point 20 m away, given homogeneous ground, 
this reveals that any line source segment of length above 30 m of line will only affect the 
overall result (whatever the absolute result may be) by 0.6 dB. Thus, measurements beyond 
30 m can almost be overlooked, which is significant when assessing long trains and is 
relevant since in the majority of practical situations where LSTM assessments are to be made 
it is not always feasible to gain access to a long strip of land to do the impact tests. 
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Figure 4.13: Contribution to emitted vibration levels by the summation of an increasing length 
of source: estimated for a homogeneous half-space with a r-wave decay rate of 1 dB/m 
(α=0.115) at three observation points 
 
 
Figure 4.14: Contribution to emitted vibration levels by the summation of an increasing length 
of source: estimation using a r-wave decay rate of 0.5 dB/m (α=0.058) at three observation 
points 
 
Given homogeneous ground, the above theoretical exercise illustrates the relevance of the 
length of the impact line when estimating the LSTM spectrum. To assess this phenomenon in 
a real environment where the ground is not a homogeneous structure and the decay rate is a 
function of frequency, a study has been conducted, testing in an urban site where the ground 
is significantly heterogeneous due to services and other man made structures that fragment the 
ground structure. It is detailed in Appendix D (a representative summary is in Section 4.4.2 
below). 
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Evaluating LSTM 
Assessments of the LSTMs have been undertaken at two locations, “ANR A” and “ANR B”, 
approximately 600 m from each other. For “ANR A”, situated within an open field, the setup 
is as shown in Figure 4.6. For the “ANR B” site, since it is situated close to a lake, around 20 
metres of ground from the line of impacts to the water was available to place the transducers. 
Thus, the measuring setup differs from the one presented in Figure 4.6 in that it only used two 
transducers, b and c (i.e. just the 8 and 16 metres distances were assessed).  
 
 
Figure 4.15: LSTM spectra for location ANR B 
 
 
 
 Figure 4.16: LSTM spectra for location ANR B 
 
Figure 4.15 and Figure 4.16 show the ground response, in the form of LSTM, for two close 
locations, 600 m apart, within the Attenborough Nature Reserve park. Although, when 
comparing both LSTMs, a similar spectral pattern can be observed, “ANR A” reveals a 
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significantly higher ground-damping rate at low frequencies (around 16 to 25 Hz) shown by 
the difference in level given in the 16 and 24 metres spectrum.  
At the “HV” site, two locations adjacent to the track, roughly 400 m from each other have 
also been assessed. Although the ground was wet (it had been raining the previous day) 
measurements were undertaken with no precipitation and low wind speed. The line of impacts 
at both locations was preformed roughly 6 to 7 m from the centre of the nearest track and the 
transducers were located 8, 16 and 24 metres from the line of impacts (as shown in  Figure 
4.7). 
   
Figure 4.17: LSTM spectra for location HV A 
 
   
Figure 4.18: LSTM spectra for location HV B 
Figure 4.17 and Figure 4.18 show the ground response, in the form of LSTM, for two close 
locations, 500 m apart, within the Hope Valley site. The 8m (blue line) ground response at 
HV A (Figure 4.17 blue line) shows an intriguing rise at around the 100 to 160 Hz frequency 
range. This was investigated by analysing each of the relevant TM spectra that defines the 
LSTM, and it was found that only the central 10 metres of line had this characteristic. The 
extremities of the impact line did not show such pronounced high frequency features. This 
shows the extent of the ground heterogeneity as a propagating structure. 
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Field Procedure for Ground Assessment Summary  
Analysis of the LSTM methodology revealed scope for shortening the field impact tests 
process, economising resources.  
 
4.2.3 SOURCE (VEHICLE/TRACK INTERACTION) MODELLING 
The source term, FDL, represents the power per unit length of an incoherent line source such 
as the vibration force induced by a passing train. The FDL relates to the ground characteristics 
and emitted vibration levels as defined in Equation 2.1. For modelling purpose the intention is 
to quantify the source (FDL), which is a function of vehicle type speed and track design. 
Commonly train pass-bys are characterised by their: 
• Vehicle make/model (i.e. class) – defining the pass-by’s mechanical arrangement, 
• length (i.e. number of vehicles/carriages) – defining the geometric arrangement, 
• speed (or speed bracket) – defining the pass-by’s operational profile.  
Pass-bys sharing these same characteristics are then batched and referred to as a 
‘configuration’. Emitted vibration readings from a number of pass-bys, belonging to the same 
configuration, are then averaged to yield a representative vibration induced spectrum (i.e. LV 
in Equation 2.1).  
To establish the degree of uncertainty that a prediction procedure may comprise, it is critical 
to assess the consistency of the pass-by induced vibration. When modelling the source, 
uncertainties occur due to track irregularities and vehicle wheel irregularities (or vehicle 
disturbances). A study that examines the source modelling procedure and the nature of 
uncertainty when predicting rail-induced vibration is presented below. First, as a function of 
vehicle irregularities are examined then track irregularities. 
 
Uncertainty (Spread of Data) of Source Prediction (LV) 
Not all vehicles belonging to a specific category (i.e. speed, size and train class), produce the 
same vibration spectrum. There are, within each vehicle, particular disturbances, mainly due 
to maintenance issues, which contribute to the data spread within a set of pass-by spectra. 
These disturbances are related to worn-out wheels (i.e. flats or out-of-round wheels), and 
static and dynamic unbalances, which occur due to imperfect shapes or mounting of the 
wheels or the brake discs. Also an unbalanced suspension can impact on the induced vibration 
spectrum. Wheel flats can be distinguished by their periodic percussive sound and promptly 
identified when assessing train-induced vibration. However, most defects, which contribute to 
the uncertainty when predicting vibration levels, are not so easily identifiable when out on 
site. An effective way of dealing with this situation, which was used herein when inferring the 
FDL, is to inspect both the time history and spectrum data so as to single out suspicious pass-
bys. The remainder of the pass-by spectra should then be averaged to yield a representative 
train class spectrum. However, there is a significant impact on the resulting average caused by 
the selected averaging definition, as demonstrated in Appendix H. The “arithmetic average” is 
used for combining pass-bys spectra. 
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Impact of Vehicle Length on Vibration Spectra 
From the theoretical study presented in Section 4.2.2, which maps out the significance of the 
dynamic line source length in relation to the resulting vibration measured at an observation 
point as far as 60 m, it can be assumed that a change in train length will not significantly 
impact on the vibration spectrum measured at a distance. This, however, is confirmed 
empirically. 
To investigate the influence that the vehicle length has on the induced vibration spectrum, two 
(approximately 48 m long) and three (approximately 72 m long) vehicle set configurations of 
Class170 trains were assessed. Below (Figure 4.19) is the comparison of emitted train 
vibration 24m away from the edge of the track. Each spectrum corresponds to the average of 6 
pass-bys. 
 
Figure 4.19: Comparison of rail-induced vibration levels emitted by 2 and 3 vehicles Class 
170 configuration (measured at “ANR A2” 24 m away from the track) 
 
Any conclusions from the analysis above should relate only to pass-bys that emit vibration 
with a consistent characteristic throughout its passage. For such the pass-by needs to be 
constituted by the same or similar vehicles. For such multiple unit pass-bys Figure 4.19 
suggests, when characterising the pass-by in the form of an r.m.s. spectrum, limited 
dependence on train length. This is similar to the LSTM length issue. The significance of 
length becomes smaller as the source line length becomes longer. However, due to the extra 
amount of time that vibration is emitted by a longer train going at the same speed, the length 
of the pass-by will influence the VDV values. The difference in train length yields the same 
spectrum but different VDV values. 
 
Impact of Speed on Vibration Levels 
Theory suggests that when train speed increases, the dynamic interaction between the wheel 
and the track becomes more pronounced giving rise to larger dynamic forces between them. 
According to FTA, train speed impacts on vibration levels as 10log(deltaspeed). That is, 3 dB 
per doubling of speed. To investigate the relevance of speed when modelling rail-induced 
vibration, spectra from pass-bys running at increasingly higher speeds are compared. Up to 
only 35% difference in speed between extremes was available; thus, only approximately 1 dB 
difference should be expected). Figure 4.20 and Figure 4.21 presents cases selected for their 
clarity but are representative of the results obtained throughout the tests. 
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Figure 4.20 shows a spectrum of a train (blue spectrum) with a flat wheel, which was notable 
when taking the measurements. On the right, it can be seen that the rise in levels between 63 
to 100 Hz frequency range of the 129 km/h train is due to a defect. (Not spotted when out on 
site.) Nevertheless, from both figures it can be recognised that for low speed variation (i.e. 
within 35 %), no clear pattern regarding speed can be established. It appears that there are 
other factors impacting on the vibration spectrum that override the speed significance. It is 
important to note that this study, which was done on conventional rail, is limited to speeds up 
to 130 km/h and simply reflected a speed variation of about 35%.  
 
To analyse the impact of speed for higher speed variation it is required to have pass-bys 
operating with different speed profiles on the same segment of track. This was possible on a 
recent UK light rail project. When characterising the source term it was observed, for trams 
running between roughly 20 to 30 km/h, that the speed did not significantly impact on 
vibration levels. It is worthwhile noting that even though there is a wide speed variation (up to 
66%) the study deals with very low speeds. 
 
Figure 4.20: Eight Class 158 pass-bys induced vibration spectra measured at HV A 
 
 
Figure 4.21: Eight Class 43 pass-bys induced vibration spectra measured at ANR A 
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In short, for conventional and light rail transit (i.e. excluding high-speed rail), empirical 
observations suggest that when grouping a set of train pass-by spectra, within about 30% 
speed-variation, other aspects, intrinsic to each individual vehicle set, can override the 
relevance of speed. 
 
Evaluating and Presenting Force Density Level (FDL) 
FDL presented in this section incorporates both the vehicle and track dynamics. Since the 
track designs are very similar it would be expected to have similar FDL for the same class of 
train even (as demonstrated above) for a shift in speeds of up to 30 %. Firstly, representative 
spectra of the pass-bys measured at the base of the track bed (i.e. approximately 6 to 7 metres 
from the centre of the track alignment at the centre of the line of impacts) are presented. 
Figures below present a representative set of Class 170 spectra taken at each of the four 
locations (HV and ANR, A and B). 
 
Figure 4.22: Class 170 vibration velocity spectra measured close to the foot of the trackbed 
at site ANR A 
 
 
Figure 4.23: Class 170 vibration velocity spectra measured close to the foot of the trackbed 
at site ANR B  
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Figure 4.24: Class 170 vibration velocity spectra measured close to the foot of the trackbed 
at site HV A 
 
 
Figure 4.25: Class 170 vibration velocity spectra measured close to the foot of the trackbed 
at site HV A 
 
Each of the average spectra presented above is composed by averaging 5 to 8 representative 
spectrums, selected after discarding unrepresentative pass-bys (e.g. wheel flats). The red and 
blue dashed lines show the spread limits at each 1/3 octave band. The discrepancy between 
spectra is significant, virtually suggesting different train classes. This could be due to track 
issues (e.g. different track components or different levels of corrugation), or to ground 
dynamic behaviour difference. This, however, could be clarified through the Force Density 
analysis.  
The FDL presented herein are derived from the assessment at three distances (except for 
ANR B, which is derived from two). Below, as a representative illustration, Figure 4.26 and 
Figure 4.27 demonstrates the FDL averaging process for site HV A and HV B.  
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Figure 4.26: Illustrative averaging process when deriving Force Density of a Class 170 taken 
from three distances at HV A location 
 
    
Figure 4.27: Illustrative averaging process when deriving Force Density of a Class 170 taken 
from three distances at HV B location 
 
It is worth noting that even though the averaged Class-170 vibration velocity spectra at HV 
(Figure 4.24 and Figure 4.25) are different for each location, the averaged force density 
spectra (see Figure 4.26 and Figure 4.27) are very similar (see both solid lines in Figure 4.28 
for direct comparisons). Additionally, at the HV site where the locations were 400 metres 
apart, there can be seen a significant discrepancy in the spectral form (compare Figure 4.24 to 
Figure 4.25). This vindicates the importance of assessing rail-induced vibration through a 
procedure that takes into account the contribution of the actual ground and not of a 
representative ground (i.e. ground characterised from a survey at a convenient location 
believed to be representative).  
When analysing a Force Density spectrum a maximum value near the resonance frequency of 
the wheels on the track, typically above 50 Hz should be expected. For the HV B (see Figure 
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4.29 solid lines) the wheel-track resonance is identified by the peak around 63 Hz, which is a 
common frequency region for this resonance. Yet, for the FDL assessed at the ANR site 
(Figure 4.29 dash lines), the absence of a distinct peak around 63 Hz, along with the 
pronounced 10 Hz peak is not as common when analysing Force Densities.  
The FDL for Class 170 and 158 evaluated at each of the four sites are now compared (see 
Figure 4.28 and Figure 4.29 respectively). Note that both locations, A and B, at either HV or 
ANR, are within a few hundred metres of each other. They share the same track design. It is 
therefore assumed that not only is the track bed the same, but also the track components, (rail 
pads, rail fasteners and sleeper types). Therefore similar FDL would be expected. This is 
contrary to what the figure demonstrates. As established in Section 2.2.2 (Influences from 
Track Components), the observed inconsistency can be attributed to difference in track quality 
due to unassociated rate deterioration. In an attempt to attribute the observed inconsistency to 
differences in track conditions, additional full assessments (including LV, LSTM and FDL) 
were carried out at nearby locations, close to both ANR A and ANR B original positions; 
approximately 100 m along the flank of the track, bringing closer both measuring locations, 
ANR A and ANR B, to a merely 400 m. Even though different track segments were assessed, 
identical spectral discrepancies were obtained. Thus, assuming the track components are the 
same, two justifications for the differences can be proposed.  
• The track segments corresponding to location ANR A shows a high degree of rail 
roughness or track ware; and/or,  
• the p-wave test (see Section 4.2.1) is not sufficient when investigating the soil’s 
hardness (as defined by the p-wave speed). Thus, the process is dealing with 
significantly different ground characteristics (i.e. hard soil verses soft soil), which 
according to Verbraken et al. (2010) could lead to a 30 dB disparity due to the effect 
of the track-ground coupling.  
 
    
Figure 4.28: Comparison of Class 170 FD spectra derived from different locations 
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Figure 4.29: Comparison of Class 158 FD spectra derived from different locations 
 
Looking at Figure 4.28 and Figure 4.29, the relationship between the two dashed lines, 
representing same site (ANR) different location (A and B)) for each train type, it can be seen 
that the location impacts on the FDL in a different way for train type (see the relationship 
between the dashed line for Figure 4.28 and Figure 4.29). Would the difference in track 
conditions be the cause of the discrepancy, then it would be expected that the relationship 
between the two dashed lines would be the same for both the 170 and 158 trains (Figure 4.28 
and Figure 4.29); especially since they have a similar FDL spectrum when running at the HV 
site. Additionally, literature review (Section 2.2.2) showed that track elements (discarding 
those used for mitigation purpose, e.g. resilient baseplates and ballast mat) do not yield a 
significant impact on emitted vibration, especially below 40 Hz. Hence, track elements as the 
main cause for the observed discrepancy in the force density spectra could be discarded. On 
the other hand, each train class having its own configuration (e.g. geometry and mass etc.) 
will exacerbate particular spectral features that are unique to the track-train alignment; 
however, probably not above 15 dB as shown in Figure 4.29. 
 
Summary 
This section has examined the source (train-track interaction) modelling method in detail. 
Significant consideration is given to the origins and nature of uncertainty. It is not clear if the 
uncertainty in the prediction procedure is mainly due to the track conditions, as opposed to 
any other factor. Generally, the analyses presented show that the procedure has marginal 
control over the uncertainty levels. Nevertheless, it can be concluded from the study that there 
are two actions that will improve this.   
• undertake FDL at different sites, and, 
• adopt a critical attitude when analysing the FDL results by looking for spectral 
features that best describe the phenomena.  
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4.3 MODELLING BUILDING RESPONSE 
 
As established in Appendix F, the propagation of vibration through a building’s structure is 
highly complex. Thus, due to the complexity of the problem, existing methods for 
determining building response to train induced vibration are largely empirical in nature, 
mainly expressed in the form of Transfer Functions (TF). Prior to the building completion the 
TFs are typically established by using case history information available (e.g. rather limited 
pre-existing published data (see Section 2.4)) or by measuring a TF on a similar building.  
Within the limited number of relevant publications, it was found that most relevant references 
(e.g. Noise Transport Reference Book (Remington et al., 1987), FTA (2006) and ANC (2012)) 
offer a similar set of general curves, believed to originate from the same seminal work. These 
general curves, which mainly represent buildings from the 1970s and 80s, refer to USA types 
of constructions (see Section 2.4). However, building interiors have evolved into lightweight 
construction, which will respond according to their mass and coupling elements (i.e. structural 
supports).  
Measurements of representative UK dwellings will enable a comparison with the data in the 
Noise Transport Reference Book (Remington et al., 1987) It will either establish its 
applicability to modern UK buildings or replace it with up-to-date UK-applicable data. 
Prior to undertaking measurements and evaluating TFs the research intends to revise 
methodologies to develop the most practical method to measure TFs, Hence, work has been 
undertaken to explore practical means of estimating building transfer functions through field 
measurements. A paper called “Issues and Limitations on Measuring Building Transfer’s 
Function” is included in Appendix C, based on ISO 4866:2010, it mainly draws attention to 
limitations when evaluating TFs for rail induced ground borne vibration.  
 
 
4.3.1 PRACTICAL BUILDING TF EVALUATION METHODS 
 
Prescribed Methods for Assessing TFs 
Not many comprehensive empirical methods on evaluating soil-to-structure TF surfaced from 
the literature review. The most relevant one, however, which takes into consideration the 
track location and the train length, is the FTA method. The procedure, however, comes across 
as an uninviting method, since it requires the source to be simulated through an array of 
impacts, employing the LSTM as the operator.  
Another source of general guidance for evaluating building TFs is ISO 4866:2010, Annex E. 
Although the standard mentions, “the response of structures depends upon the excitation,” it 
does not elaborate on the issue. This leaves the analyst in the dark since in the majority of 
situations a building TF is required to model the proposed scheme before the rail system is up 
and running. Thus, possible excitation mechanisms need to be investigated. Since there are 
consultants who choose to evaluate buildings TF based on the point source impact-test 
excitation mechanism, a portion of the research has been dedicated to examine soil-structure 
TF evaluated using the point source impact-test as the excitation mechanism following ISO 
4866:2010 recommendations. 
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Setup Used for Field Investigation 
Conforming to the ISO 4866:2010 guidelines, Figure 4.30 summarises the setup used for 
evaluating soil-to-building element TFs using the impact test method.   
 
Figure 4.30: Setup scheme used for evaluating building response 
 
For this study (detailed in Appendix C) TFs were evaluated based on simultaneous 
measurements in the vertical orthogonal direction, which is the dominant direction at the 
ground when considering surface rail-induced vibration. For the ground-to-building TF, 
transducers were located at a low point on the main load-bearing external wall close to the 
ground (representing the structure’s foundation response) facing the railway track, and 
approximately 2 metres from the foundation (representing the free field response).  
Having established the main TF measurement considerations, based on relevant guidance, the 
next objective was to compare TFs determined from impact tests to the TFs determined from 
train pass-by vibration. The aim is to assess the effectiveness of a point source impact-test as 
an excitation mechanism.  
 
 
Field Results and Discussion 
The study reveals that when comparing TFs deduced from impact-tests at short distances (5 to 
8 metres from impact location to measuring position) to train pass-bys significant variation 
(by as much as 20 dB) can be obtained. However, analysis suggest that the impact-induced TF 
approximates the train-induced TF, as distance (excitation to measuring point) increases. 
Thus, at impact distances beyond, around 14 m away from the foundation, reasonable 
agreement was obtained between the impact and train. Below (Figure 4.31) is a graphical 
description of the two methods, followed by a table contrasting relevant aspects of the two 
methods seen as significant contributors to a likely disparity between resulting TFs (Table 
4.3) 
Accelerometer 
capturing vibration 
levels at the ground  
Accelerometer capturing 
vibration levels at the 
load-bearing  
Accelerometer capturing 
vibration levels at the 
room floor  
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Figure 4.31: Wave-front striking the building’s foundation; left pass-by induced, right 
impact-test induced 
 
 
 
Table 4.3: Contrasting aspects that contribute to potential discrepancies when deriving a TF 
Train: Impact-Test: 
• line source 
• its wave-front approximates a plane 
wave 
• strikes the building foundation being 
measured homogeneously 
• dynamic energy reaching the point of 
measurement at the foundation mainly 
results from the vibration passing 
through the measuring location  
neighbouring ground in conjunction 
with the vibration coming from the 
foundation  extremes.  
• point source 
• arch shape wave-front (radial wave-
front) 
• strikes the building’s foundation 
being measured unevenly 
• dynamic energy reaching the point 
of measurement at the foundation 
mainly results merely  from the 
vibration passing through the 
measuring location  neighbouring 
ground. 
 
 
The discrepancies observed between the impact-test and train pass-by TF can be attributed to 
the types of wave-front that the two excitation methods produce. As a point source wave-front 
approaches a plain line wave-front as distance increases (the curvature of the circle reduces 
with increasing radius), a critical distance (as a function of the building footprint) should be 
considered when emulating the building’s response to rail induced vibration through the 
impact method. However, in high density urban areas the critical distance may be impractical 
(too large) due to obstructions and/or access to a suitable impact point. Furthermore, the 
energy from an impact-test needs to be considered when attempting to excite a building 
structure from a distance, as sufficient impact energy may not reach the building.  
An analysis of the spread of TF data given in figures presented in Section 3.1 of the 
conference paper “Issues and Limitations on Measuring Building Transfer Function’s” (see 
Appendix C). For specific scenarios (measurement sites, track type and vehicle type 
combination) better consistency between the TFs that makeup the “Train induced” TF were 
obtained. It was found that higher consistency amongst TFs was obtained when fewer train 
types were used as the excitation mechanism. This suggests that different types of trains, as an 
 
 
 
 
Building 
Building 
Transducer 
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excitation mechanism, yield distinct TFs. As demonstrated in the paper, further analysis 
shows that the length of the train was the most significant characteristic contributing to the 
spread of data. This suggests that a single transfer function characterising a type of building 
may not satisfy all prediction scenarios when describing the buildings response to rail-induced 
vibration.   
 
4.3.2 INVESTIGATING THE INFLUENCE OF THE NATURE OF EXCITATION 
SIGNAL ON GROUND-TO-BUILDING TFS  
Below, indicative figures from Appendix C are presented to support the discussion on the 
findings.  
  
Figure 4.32: Contrasting the influence of different excitation signal methods when deriving a 
ground-to-building element TF 
 
  
Figure 4.33: Coherence analysis for each TF considered in Figure 4.32 
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Figure 4.32 shows three ground-to-bedroom ceiling TFs. Solid lines refer to train-induced TFs 
(each representing a train length) and dashed lines refer to the impact-induced TFs at close 
distance to the building. Although each train induces a different TF, there is a large 
discrepancy between the TF derived using a 400 m long train in comparison to the other two 
shorter trains. It is noteworthy that the response of a bedroom ceiling to the incoming rail 
induced vibration (measured on the ground) was chosen since it strengthens the discrepancy 
as a function of train length.  
 
Coherence Function 
 
The coherence function is used by many practitioners as a guide to the quality of their 
measurements. It is a measure of the degree of linear relationship between the input and 
output of a system and is denoted, . Further detail is given in Appendix F. Figure 4.33 
shows the coherence obtained for each of the TFs presented in Figure 4.32. The analysis 
suggests the impact-test induced measurement to be the most adequate. However, this 
analysis is not relevant for a train source and cannot be used to judge the quality of 
measurements. The coherence is always ‘poor’. The reason for this is that the train represents 
a line of simultaneous incoherent sources and so there is no coherent relationship between a 
single source and output as the definition of the coherence function requires. 
 
Summary 
In conclusion, it was found that collecting data capable of adequately characterising typical 
buildings response, the ISO 4866:2010 recommendations could be followed as long as a train 
was the excitation mechanism, although the length of the train had an impact. However, the 
15 dB discrepancy between the Class 43 and the freight train (see Figure 4.32), at 63 Hz 
demonstrates that consideration needs to be given to the size of the train when modelling 
building elements, suggesting that a single transfer function characterising a type of building 
may not satisfy all prediction scenarios when describing the buildings response to rail-induced 
vibration. Due to the long distances between the train extremes to the building, this drawback 
could not be effectively circumvented through the FTA method when using the LWD. It 
would take a significant amount of effort to get an excitation mechanism capable of emitting 
an impulse with sufficient energy to excite the building.  
  
2
xyγ
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4.3.3 GENERALISED BUILDING CURVES 
This section presents and compares generalised ‘ground’-to-‘building element’ TF to the 
derived UK TFs (taken from the Appendix C). The ‘ground’-to-‘building element’ TF 
representing typical UK dwellings are based on terraced, semi detached or detached houses, 
two to three story high (supported on strip footings with a ground bearing floor slab). Due to 
the deviation observed between different types of excitation systems the TF presented in this 
section were derived using passenger trains (60 to 180 meters long).  
  
Contrasting Empirical Curves 
 
Figure 4.34: Proposed generalised curves to represent typical foundation response for UK 
dwellings; derived from Figure 4.4 a Appendix C 
 
 
Figure 4.35: Proposed generalised curves to represent typical bedroom floor response for UK 
dwellings. Note: same data as the one used for Figure 4.4 b Appendix C; however, here is 
given as foundation-to-room floor instead of ground-to-room floor 
 
Figure 4.34 presents the suggested ground-to-foundation response range for typical UK 
homes (i.e. 2 to 3 story height encompassing terraced, semi-detached and detached dwellings 
both Victorian and modern housing estate). Figure 4.35 presents the suggested floor response 
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range for typical room wooden floors (measured at bedrooms of approximately 3 by 4m to 4 
by 5m).  
It was found (see Appendix C) that the measured data representing the ground-to-foundation 
TF of UK dwellings (Figure 4.34) follows the same spectral trend as the generalised empirical 
curves proposed in (Remington et al., 1987). However, the data spread observed in Figure 
4.34, being broader than the generalised ones (i.e. (Remington et al., 1987) curves), should be 
used for classifying typical UK dwellings. Remington et al.’s (1987) floor resonance proposed 
curve suggesting an amplification ranging from approximately 5 to 15 dB in the 16 to 64 Hz 
frequency range, falls short by approximately 3 dB when comparing to the floor response of 
the measured UK family dwellings.  
 
Floor to Floor TF 
An attempt to generalise a building response (measured at the load bearing) as a function of 
storey height did not deliver conclusive results. Depending on the building being evaluated, 
different patterns were established. A rough estimate (by simple observation without 
computing averages) based on the collected data suggests that approximately 3 dB, 
amplification per story would be a representative average of amplification or attenuation, 
around the resonance frequency. This contradicts frequently suggested findings, since 1 to 2 
dB attenuation is often quoted (ANC 2012). However, since no coherent pattern in the 
analysed data was observed, it is believed that any given average from this work may not 
produce a genuine representation. To illustrate the above claims two figures are presented. 
Figure 4.36, left, is a set of curves describing the vibration attenuation levels from the ground 
(outside the dwelling) to foundation (representing the ground floor) and the ground to first 
floor (measured close to the windowsill). This set of measurements appear to follow a valid 
pattern throughout the frequency range. At low frequencies, up to 40 Hz where building 
resonances are expected, there is a slight amplification. At higher frequencies, little difference 
between the ground and the first floor is seen. Yet, the figure to the left tells another story. 
There is a reduction in vibration levels around the 30Hz frequency region when vibrations 
propagate from the ground floor to the first floor. Conversely, there appears to be 
amplification, within the 10 to 50 Hz frequency range, when vibration propagates from the 
first floor to the second floor. In essence, this agrees in principle with Dawn and Stanworth 
(1979) who showed that there is large variation in the vibration levels as well as vibration 
frequency content between two floors within a building. 
  
Figure 4.36: Measured curves at the outer shell on three story high buildings; both dwellings 
left and right are similar terraced dwelling close to London Underground 
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Summary 
This section demonstrates the significance of the excitation mechanism when deriving a TF, 
as even the length of the pass-by decisively impacts on the TF that describes the building’s 
response. Observing the spread of data, this study suggests caution when applying general 
curves, especially when assessing building internal elements such as floors.  
The study suggests that the degree of variation obtained for both the foundation and floor 
response (given by the spread of data in Figure 4.34 and Figure 4.35) may compromise the 
detail stage. However, if no other option of assessing the building TF is available then the 
analyst should appreciate, and report, the high level of uncertainty that the method offers. 
Additionally, for the environmental assessment stage, it was found that predictions relying on 
the North American transfer functions (e.g. Noise Transport Reference Book, (Remington et 
al. et al., 1987)) could under predict vibration in the UK.  Use of the UK specific curves is 
recommended where they are applicable.  
4.4 EXPANDING THE MODEL’S USABILITY (FOR LIGHT RAIL 
TRANSIT) 
Part of the research was dedicated to light rail transit (LRT), which differs from heavy rail 
mainly in that trams run closer to receptors where the intervening ground is mostly made 
ground. It uses the same methodology previously presented, that is, force density to 
characterise the source and LSTM to characterise the ground.  
 
The study in this section was undertaken on a recent UK light rail project. URS was involved 
in the noise and vibration predictions. This project allowed the researcher to appreciate the 
challenges that the FTA procedure faces, especially the logistics involved in field data 
collection in a constricted urban environment. 
 
4.4.1 LRT FORCE DENSITY 
For this study, the line of impacts that make up the LSTM from which Force Density is 
derived were undertaken at the centre of the track (between the rails). Two railway tracks (in 
bound and out bound) were used to measure Force Density. Force Densities for each direction 
have been evaluated at three distinct distances. Figure 4.37 presents six curves that define the 
average Force Density used throughout the light rail project for predicting vibration levels. 
Both tracks present a similar rail roughness condition.  
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Figure 4.37: Force Density spectra of the Incentro tram derived from pass-by running 
at both tracks (inner and outer bound); each measured at three locations 
 
 
 
Results and Discussion 
It can be observed (see Figure 4.37) that there is good agreement at low frequencies between 
the spectra, however, for frequencies above 50 Hz the difference may be attributed to a 
difference in rail roughness. What is relevant to recognise is the 10 dB difference in vibration 
levels observed around the 160 Hz band. Although the two FDL are not as dissimilar as the 
ones found in section 5.3 (between the ANR location A and B). The results suggest a 
significant degree of variation when predicting vibration levels, even at the same location for 
trains running on different tracks.  
  
 
Summary 
This study confirms that a spread of the order of up to 10 dB in some frequency bands in 
measured force density, simply due to track issues (not vehicle, since Figure 4.37 is made out 
of more than 10 pass-bys), should be expected. 
 
4.4.2 PROPOSED ALTERNATIVE FOR GROUND MODELLING UNDER ADVERSE 
CONDITIONS 
So far, ground modelling has been tested and analysed under favourable conditions, out in the 
open field, where access to an area of land for the test may be easily obtained. Furthermore, a 
rural site, which comprises undisturbed ground, is expected to be of relative simple structure. 
Sensitive receptors are mainly within dense urban areas where the ground tends to be 
extremely heterogeneous, particularly the top layer, where utility services (e.g. drains and 
cables etc.) abruptly fracture the composition of the ground, affecting its material damping. 
However, for the ‘detail design’ stage the FTA proposed method (i.e. LSTM) appears to have 
the potential to accommodate any degree of ground heterogeneity. 
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The method requires access to specific areas to measure the line of impacts and access may be 
restricted in urban situations. It is often along existing highways and will entail the disruption 
of traffic, requiring complex logistics and incurring additional costs.  
 
 
Building a LSTM on Restricted Sets of Data Points 
Due to the access limitations mentioned above the FTA method poses distinct challenges 
when considering light rail transit (LRT). For example, when modelling a two-vehicle tram 
travelling along an existing highway, the method requires impact points to extend 
approximately 30 metres along a stretch of highway. In some cases it may not be possible to 
gain access to the full section of the highway itself. Therefore, many situations arise where the 
procedure needs to rely on speculative methods.  
However, based on the theoretical calculation given in Section 4.2.2, which demonstrates that 
vibration induced from the extremes of the triangle lose influence as the triangle base widens, 
this section proposes a method to overcome the access limitations. 
A practical study addressing this drawback, detailed in Appendix D, undertakes a sensitivity 
analysis investigating to what extent the restricted access (i.e. limited data points at the line of 
impact extremes) influences the LSTM. This was done by contrasting the actual measured 
LSTM, as defined in FTA, with a synthesised version based on a restricted number of TM 
points.  
Consider the response being measured at two locations (see Figure 4.38 location a and b) and 
the ground is impacted at 11 locations. Referring to the line of impacts, ‘C’ represents the 
centre impact position and each number given along the line of impacts indicates the distance 
in metres either to the east or west of ‘C’. 
 
 
Figure 4.38: Line of impacts procedure (FTA, 2006)  
 
Measurements were undertaken using the configuration as illustrated in Figure 4.38. Initially 
the LSTM was determined as proposed in FTA (see Equation 2.3), this will be referred to as 
“true LSTM”. For possible combinations of numbers of impact point that might be presumed 
available, an LSTM is computed by extending the restricted set of TMs that make up the “true 
LSTM”. The extrapolation is based on the ground decay rate measured between a and b (Note: 
the narrow differences in distance being considered allow the assumption of a linear decay 
= Accelerometer position – receiver  
 
= Impact position – source  
h 
a 
b 
C 15w 12w 12e 15e 9w 6w 3w 3e 6e 9e 
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without compromising the model). For example, there might be only three of the points (3w, 
C and 3e) were available from which to determine the 30 metres LSTM at location b. This 
scenario will be referred as C33. If evaluating the 30 metres LSTM through five impact 
positions (referred to as ‘C3366’) then the ‘synthesised LSTM’ will be computed as above but 
with five terms populated with actual measurements. For statistical purpose the above 
procedure was followed for ten sites within the same dense urban area (confined to a 40 km2 
area).  
Figure 4.39, shows the average error developed progressively, and contains 7 synthesised 
spectrums. It can be seen that, as expected, the error reduces as more impact locations are 
considered. However, the study shows unevenness in behaviour across the frequency 
spectrum. In essence, the figure reveals frequency regions better able to be represented with 
fewer impact locations and others that appear to need a greater number of impact locations.  
  
 
Figure 4.39: Comparing the synthesised spectrums average ‘dB error’ as a function of 
the number of impact points 
It can be argued that at very low frequencies (i.e. up to 8 Hz), as a consequence of natural 
wave impeding effects from shallow layers, the dynamic energy is trapped, and unable to 
propagate into the far field. Thus, as the impact location moves away from the receptors it 
would be expected to see significantly less energy readings at very low frequencies. 
Therefore, below around 8 Hz, deviation can be attributed to the background noise evaluated 
by the ‘true’ spectrum. Additionally, from Figure 4.39 it can be observed that between 31.5 to 
100 Hz, is where there is a higher deviation. Considering an s-wave speed of around 80 m/s, 
this corresponds to wavelengths of 0.8 to 3.0 m. Thus, the uncertainty at frequencies above 
31.5 Hz could be due to wave reflections at the utility services or other man-made structures 
in the soil strata.   
Excluding the lower frequencies for reasons presented above and merging 1/3 octaves into 
octave-bands, the data in Figure 4.40 gives the average error, along with the 95% confidence 
interval (error bar) found throughout this study as a function of a given set of impacts. This 
shows that a reduced number of impact locations will allow a data set with reasonable 
confidence where limited data points can be obtained. It is noteworthy to point out that the 
statistical representation (i.e. confidence level) refers to descriptive statistics and not 
inferential statistics. The measures that describe the data set are measures of central tendency 
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and measures of variability or dispersion. Thus, the given confidence levels should be seen as 
a descriptive coefficient summarizing the given data set.  
 
 
Figure 4.40: Average ‘dB error’ and the 95% confidence level (error bar) as a 
function of number of impact points for each octave bands of interest 
 
 
Summary 
 
This section shows that a reduced number of impact locations will allow a data set with 
reasonable confidence where limited data points can be obtained. This is seen as an effective 
tool when survey conditions are restricted. 
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5 FINDINGS & IMPLICATIONS 
This chapter summarises and concludes on the findings of the research based on the protocol 
developed and in the context of the rail-induced vibration EIA procedures assessed. It then, as 
is required by the EngD, reviews and explains the implications of the work on both the 
sponsoring company and the wider industry. It finishes by presenting a brief review of the 
work undertaken and identifies further research required to further develop and refine the 
work. 
 
5.1 THE KEY FINDINGS OF THE RESEARCH 
5.1.1 LITERATURE REVIEW 
The main aim of the literature review was to identify the state-of-the-art of knowledge of rail 
induced vibration impact assessment to base the work on existing knowledge and identify 
gaps. This enabled the formulation of a new assessment procedure that meet the current need 
of industry in an effective way.  
The review came across numerous rail induced vibration models proposed by many 
researchers (Appendix A). However, due to accuracy and/or practicality (i.e. models relying 
on specific input parameters, which are not practical to acquire in a commercial environment), 
few were considered suitable for routine EIA, with many lacking transparency or details of 
accuracy in either data collection or the computer modelling routines used (especially the 
proprietary models).  
The review identified (Appendix A) the FTA methodology as an effective system on which to 
base the research programme. The FTA procedure is a direct way of empirically modelling 
rail-induced vibration, where the subsystems (source-path-receiver) are represented by actual 
measurements. The procedure simply establishes how the measurements should be done. 
Thus, what is being evaluated, when examining the FTA methodology, is the effectiveness of 
applying measured data elsewhere in locations with similar vehicle/track configuration.  
Therefore the FTA method is seen as a comprehensive and elementary empirical approach to 
assessing railway vibration. Moreover, for flexibility the method can be broken into the three 
main sub-systems (source, path and receiver). However, little has been published on the use, 
effectiveness or implementation of the method. Only one paper concerning the effectiveness 
of the procedure was found; a theoretical paper (Verbraken et al., 2010), which challenged the 
procedure’s accuracy in certain situations. No guidance as to the expected spread of data or 
expected values that can be obtained from the method was found in the literature.  
As a practical method of modelling building response (the receiver) to incoming rail induced 
vibration, the review did not come across any generalised response curves representing UK 
buildings. Additionally, for modelling existing buildings, a need to investigate an effective 
way of acquiring a ground-to-building transfer function was identified. 
Additionally, the literature did not identify a robust, yet resilient way of collecting vibration 
data that satisfies various site conditions (i.e. ground-to-transducers mounting mechanisms). 
However, the literature did identify a means of assessing and designing a test capable of 
contrasting the performance of various mounting mechanisms.  
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5.1.2  FIELD VIBRATION DATA COLLECTION PROTOCOL 
A key aspect when collecting field data is the method of mounting of the vibration transducer. 
The selection of the mounting system needs to take into account the type of structure the 
transducer is to be coupled to, (building ground or paving etc.) along with the equipment 
being used. The research found (see Section 4.1.1), the ground-to-transducer coupling method 
to be a vulnerable link, impacting on the results by up to 10 dB. It was also found that some 
mounting methods performed with a higher level of consistency than others. Allowing for 
consistency, practicality and data robustness (i.e. lower levels of vibration showing less 
resonance in the system), the research concluded the “round 200 mm spike” mounting method 
to be the most appropriate.  
The ground structure showed some response variability when under the influence of different 
excitation methods (see Section 4.1.1). This, in principle, compromises the effectiveness of 
the transfer function, especially when using an excitation mechanism such as the LWD or a 
sledge hammer, as it excites the ground in a dissimilar way to the train/track interaction. 
Nevertheless, it was found that predictions based on an average of Force Density derived from 
data collected at different distances from the line of impacts converges to an appropriate 
result.  
 
5.1.3 ANALYSIS PROTOCOL 
An analysis protocol capable of processing field data, conforming to FTA requirements, has 
been assessed and developed. In short, when computing the LSTM the study revealed a 
potential error, which may arise due to the lack of frequency resolution at the narrowband 
analysis stage (see Section 4.1.2). An effective way of overriding this issue is to assure a 
0.25 Hz or lower frequency resolution at the narrowband analysis stage (which is the process 
preceding the 1/3 octave-band computation).  
In the majority of cases in the UK, the assessment of environmental vibration impact calls for 
the calculation of a Vibration Dose Value (VDV), which needs to be calculated directly from 
vibration time history data. Yet, the FTA method (as with the majority of other prediction 
procedures) outputs results in 1/3 octave-bands (i.e. frequency domain data).  Based on a 
superseded version of BS 6472-2:1992 the research demonstrated (see Section 4.1.2) that the 
VDV can be accurately estimated through the frequency domain data. In short the research 
found that estimated VDV can be effective if the scaling factor required is empirically derived 
for each train pass-by configuration (i.e. train class and size). This vindicates the possibility of 
using the FTA methodology in the UK, where criteria are defined in VDV. 
 
5.1.4 SOURCE AND GROUND 
Significant consideration has been given to assessing the origin and nature of uncertainty, 
revealing the error that the prediction procedure may incorporate. The research found high 
levels of inconsistency when predicting rail-induced vibration, which in principal is not 
related to the method but to the prevailing site conditions, believed to be due to track 
condition (such as different levels of track deterioration). The analyses show that unless the 
track conditions are thoroughly analysed, any vibration prediction procedure may have 
marginal control over the uncertainty levels. This could significantly impact on the 
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practicality of any vibration prediction method (not just on the FTA approach). Nevertheless, 
it can be concluded from the study there are two aspects that will ameliorate this:   
• undertaking FD at different sites; and, 
• adopting a critical attitude when analysing the FD results by looking for spectral 
features that best describe the true vibration phenomena. 
When modelling the vehicle, which is a component of the source (i.e. train/track interaction), 
the research did not find relevant inconsistencies (Section 4.3.2). It found that there was some 
flexibility when collecting vibration data to characterise the source (i.e. train) as the number 
and speed of vehicles assessed was found to have limited effect on variability of data 
collected. 
Based on the sensitivity analysis undertaken to examine the extent of ground heterogeneity, 
when aiming for reasonable levels of uncertainty the research suggests (Section 4.4.2) that the 
ground should be modelled at the exact location where the train is proposed to run. For the 
case where the ground is being modelled through the LSTM, specifically when considering 
near-by receptors (e.g. inside a urban area where a train may run close to a vulnerable 
receptor), the research suggests that at least a 12 m of strip of ground (where the train is 
proposed to run) should be assessed in order to maintain the uncertainty levels within 2 dB. 
 
5.1.5 BUILDING MODELLING 
Measured TF 
When modelling building response to rail-induced vibration the research identified 
inconsistencies arising from transfer function measurements (Section 4.3.2). It pointed out 
practical implications when attempting to derive a representative TF through the impact 
method. Portable impact hammers (e.g. LWD or sledge hammer) produce a limited excitation 
force. This impacts on the magnitude of the signal at the receptor. The study concluded that 
best practice is to gather train induced TFs. These should also be at a location having a direct 
parity to the type of building (including footprint); train size; and distance from railway track 
to the prediction case. However, when modelling a building where short trains are to run close 
to it, the FTA method of assessing transfer functions seems to be appropriate (i.e. measuring 
the response (inside the building) to multiple impact points adjacent to the track). This is due 
to the fact that at close distance, the impulse from the impact is believed to be capable of 
reaching the measuring location with a magnitude above ambient vibration levels. 
 
Generalised curves (Generalised TF) 
For the case where the prediction relies on generalised curves (as are frequently used) the 
research established some aspects that may significantly impact on the predicted result. It was 
found (Section 4.3.2) that the length of the train has the potential to affect the TF by as much 
as 10 dB within the frequency range of 40 to 160 Hz. Additionally, the spread of data 
observed shows that some tolerance needs to be considered when applying general curves 
(Section 4.3.3), especially when assessing a building’s internal elements such as floors, where 
a variation of 10 to 15 dB was observed for similar scenarios. 
The study suggests that the significant degree of variation obtained for both the foundation 
and floor response could compromise the assessment at the detailed design stage. However, if 
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no other option of assessing the building TF is available, then the analyst should appreciate, 
and perhaps report, the high level of uncertainty that the use of generalised vibration curves 
may offer. Additionally, for the EIA general assessment stage, it was found (Appendix C) that 
predictions relying on conventional generalised response (e.g. Noise Transport Reference 
Book, (Remington et al., 1987)) could under predict (by 3 dB) building response potentially 
underestimating impacts from rail-induced vibration. For UK houses the curves presented in 
Figure 4.34 and Figure 4.35 should now be used instead of the North American curves. 
 
5.1.6 DEVELOPING A METHOD SUMMARY 
 
It was found that the FTA procedure has limitations, mainly related to the cost and logistics of 
measurements that have to be made. To address this issue a method using fewer impact points 
was developed (Section 4.4.2). However, the shorter method contains some uncertainties. To 
evaluate the performance of the proposed method, a sensitivity analysis of data collected at 
ten urban sites was undertaken. From the sensitivity analysis a map showing the degree of 
uncertainty (likely error) as a function of number of impact points was developed. This is 
shown in Figure 4.40  
 
5.2 CONTRIBUTION TO EXISTING THEORY AND PRACTICE 
 
Throughout this research a significant emphasis has been given to the FTA procedure, which 
is used as a means of assessing railway vibration in many countries. However virtually 
nothing has been published since about the method or its accuracy.  
The literature review revealed the FTA methodology, which is simply a direct application of 
measured rail-induced vibration levels, to be a highly comprehensive and openly available 
empirical approach to assessing railway vibration. However, the research undertaken found a 
significant spread of data when applying the FTA procedure. Moreover, the FTA was found 
to be a demanding procedure, in terms of manpower required to perform tests and undertake 
the analysis and the logistics required to gain access to sites to collect appropriate field data. 
This thesis is possibly the first to present a study that dissects into independent units of 
analysis a rail-induced vibration empirical methodology (in this case the FTA) bringing 
forward the degrees of uncertainty, at all levels (i.e. measuring, analysis and scenario 
characterisation) that may impact on the procedure performance. To assist this, the research 
has broken each sub-system into components, analysing each independently (e.g. train speed 
and length (Section 4.2.3), intervening ground structure and its impact on the prediction 
(Section 4.1.1), building foundation and other building elements (Section 4.3). From the point 
of view of practicality the thesis studies the significance of some of the most representative 
modelling components (e.g. speed, train length, building foundation). This provides higher 
levels of flexibility to the procedure by providing information that enables the allocation of 
modelling resources to most significant components; for example, source sample (train) speed 
consistency may be slackened when collecting data to describe the source.  
Based on the fact that the FTA method is simply a direct application of measured rail-induced 
vibration levels, this research project has demonstrated the effectiveness of a rail-induced 
vibration EIA prediction. It has demonstrated the challenges that arise when attempting to 
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predict absolute rail-induced vibration levels. The research shows a diminishing confidence 
when predicting rail-induced absolute vibration levels, mainly on two accounts. 
 (1) The expected spread of data, which is intrinsic to an empirical method, showed to be 
significantly high (e.g. 15 dB variation when comparing vibration levels at the floor). 
 (2) The difference  (10 dB) in Force Density levels at the ANR site, (believed to arise from 
the lack of knowledge when investigating the prevailing conditions) showed the significance 
that the track conditions has on the rail-induced vibration. 
To understand the effect the research findings have on the wider industry, it must first be 
mentioned that the FTA procedure, although not very flexible, has the potential to bare a 
significant degree of accuracy, especially since it relies on direct measurements. Predicating 
on this, the findings indicate that it is imprudent to claim prediction levels when undertaking 
an EIA without mentioning a degree of uncertainty, which can be isolated and attributed to 
specific components. The main components are as follows.  
• Track condition, discussed in Section 4.2.3. The track conditions impact significantly 
on rail-induced vibration. It was found that the same track configuration might yield 
up to 10 dB difference, believed to be due to track conditions. The practical impact 
that this has when predicting, is that there is no guarantee that the source term being 
used in the model will represent the source term at new configuration suggesting that 
there will be always a high level of uncertainty when predicting rail-induced vibration. 
This in itself suggests a limit to the accuracy of predictions of about a 10 dB range. 
• Building design, discussed in Section 4.3. A 15 dB variation at the room floor was 
established when comparing similar building configurations. To overcome this high 
level of uncertainty it is suggested that measurements should taken at the actual 
building being modelled. However, the research found it a challenging process when 
attempting to model the building empirically. In essence, when modelling a building’s 
response to rail-induced vibration, the FTA method may be deemed impractical, 
especially when considering buildings at a distance from the proposed track (e.g. 
> 20 m). One problem is the apparatus that would be needed to produce an impact 
with high enough vibration levels to cover the distance. 
Despite the issues identified above, the FTA method has a degree of transparency and is 
considered to be the best method for the sponsors in comparison to other methods. Other 
approaches will have similar issues but also may have less robust data collection or use pre-
published data, which may only be approximations to any set of specific circumstances. 
 
5.3 IMPLICATIONS/IMPACT FOR THE SPONSOR 
As shown in Appendix A, there are many techniques and methods for each stage of the 
prediction procedure that can be adopted when undertaking a rail-induced vibration EIA. 
Previous to this research, the techniques and methods used for a rail-induced vibration EIA by 
URS UK acoustic department were put together in response to the situation at hand, mainly 
driven by balancing a code of good practice with the available tools. For projects demanding 
specific resources (including equipment), URS would team up with other commercial 
companies and consequently adopt a prediction method based on the combined resources. 
Thus, for URS to gain competitiveness, a comprehensive prediction procedure that meets 
URS needs was required. Some resources and equipment was available but other elements, 
Routine Procedures for the Assessment of Rail-induced Vibration 
78 
based on a comprehensive study (grounded on both literature and experimental research) 
needed to be developed. To meet the sponsor’s needs, this research programme has put 
together a prediction methodology and evaluated its pros and cons at levels of practicality and 
precision.  
So far, URS UK has incorporated part of the research deliverables, both theoretical concepts 
and assessment tools, into commercial projects that assess rail-induced vibration. As a 
prediction concept, URS is currently using the FTA methodology in conjunction with a 
theoretical model, as proposed in Section 2.3. This will improve the accuracy of the prediction 
method since a better representation of the ground dynamic behaviour can be achieved. To 
use the LSTM effectively, assessment tools developed for the research programme, meeting 
the sponsor’s needs, are currently being employed. These are, transducer-to-ground coupling 
system, analysis software and excitation mechanisms:  
• Transducer-to-ground coupling system – amongst URS UK consultants there was a 
certain degree of concern regarding the performance of typical transducer-to-ground 
coupling systems. Although no unique transducer-to-ground coupling system can be 
fully recommended, since not all ground structures are the same (i.e. pavement slab, 
soil etc.), the research programme has examined and mapped-out the relative expected 
inconsistency for a set of typical transducer-to-ground coupling systems. To be 
consistent throughout the assessment process, when possible, spikes are currently 
being used by URS UK.  
• Analysis software – as established in Section 4.1.2, FTA methodology requires the 
ground to be modelled through the LSTM, yielding a significant number of data points 
(typically between 300 to 1200) to be analysed through a set of DSP algorithms. This 
may be considered as a commercial drawback if the analyst is to undertake the 
analysis individually for each data point. As a deliverable, the study culminated with a 
Matlab script that processes the data in accordance with the findings in Section 4.1.2 
through a set of DSP automated routines. The data can then be exported as a set of 
transfer mobility data (in 1/3 octave bands). To facilitate its use the script has a 
dedicated graphical user interface. Initially, when defining a ground structure (i.e. 
LSTM) using commercial DSP software, where the data points are processed one by 
one a couple of hours were needed to analyse a full LSTM. Now the analysis takes 5 
to 10 minutes.  
• Excitation mechanism – when deriving a transfer function through measurements, it is 
critical to choose an excitation mechanism capable of producing a representative 
signal to feed the system that is being analysed. Typically this is done using an impact 
test as established in Section 4.1.1. Commonly an instrumented sledgehammer is used 
to undertake these measurements. Sledgehammer impacts are very sensitive to the way 
they are performed, requiring a specific technique. Even a proficient person may find 
it difficult to perform consistently throughout the 300 to 1200 blows, which are 
required when defining a LSTM. As a deliverable, the research programme developed 
an excitation mechanism using the LWD (see Appendix E) that performs consistently 
regardless of the skills of the operator. 
In addition to the above direct implications the company has been involved steering groups of 
various research projects using the findings of this work to contribute to those projects and 
has been informing industry of the work via various meetings and presentations. This places 
the company in an improved position to bid for future business in this area. 
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5.4 IMPLICATIONS AND RECOMMENDATIONS FOR INDUSTRY 
AND FURTHER RESEARCH 
This research exposes the difficulties in predicting absolute values, within a reasonable range, 
when predicting surface rail-induced vibration levels required for an EIA. The impact that this 
may have on the wider industry is the likelihood for the community to come to terms with the 
fact that there will be limitations when predicting absolute levels and settle for a different 
approach based on tendencies grounded on significant components such as ground response. 
There are therefore two main research findings /recommendations for the industry. The first, 
concerns the EIA targets (or criteria). The second refers to future research. 
 
EIA Targets 
The research found three main components to have a high level of uncertainty in the 
assessment of vibration: track conditions; ground response; and, building design (See Section 
5.2). In practical terms, however, out of the three an analyst only has a significant degree of 
control over the ground response, especially if carrying out the LSTM (part of the FTA 
methodology) at the location where prediction is to be established.  
Considering the high degree of uncertainty inherent to the prediction procedure and the degree 
of variation that each modelling component carries (train speed and length, track form, ground 
and building properties etc.), this research suggests that the EIA should simply aim at 
identifying most vulnerable areas along the scheme being evaluated. Thus, rather than 
attempting to establish absolute vibration levels, that the proposed scheme is likely to emit, 
the procedure should be used to allocate resources to the most vulnerable segments along the 
track for mitigating potential vibration levels emitted by the proposed configuration, all based 
on the category of the receptor and the ground characteristics. Shifting from a quantitative to 
qualitative criteria would change the way industry approaches the problem, liberating the 
pressure of coming up with an absolute vibration value. Given the uncertainty in predicted 
levels, rather than predicting vibration levels at receptors, it would be more sensible to talk of 
identifying the receptors most at risk of high levels of vibration. 
 
Future Research 
Further research should investigate the full prediction (i.e. predicting for non-existing sources) 
by combining theoretical models with empirical model such as the FTA, which is, as 
mentioned in Section 5.3, (as is now being used by the sponsor on commercial projects).  
This research was entirely on surface rail configuration. Although some research findings 
(e.g. coupling methods) can be applied to both, surface and underground railway, other 
findings may not be valid for underground railways. Also, some techniques that were 
investigated for this research may not be practical for underground railway prediction (e.g. 
impact methods for TF describing the propagating path such as the underground tunnels to 
surface). Moreover, the spread of data that was found in this research may not apply to 
underground rail mainly because p-waves and s-waves travel through the depth of the ground 
where the soil is more homogeneous. In addition, the conditions of the track may be more 
consistent throughout the line due to construction methods (e.g. the same trackbed 
construction method throughout the line). 
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5.5 CRITICAL EVALUATION OF THE RESEARCH 
A significant part of the research undertaken herein is based on site measurements. Amongst 
various processes being analysed the FDL and LSTM are the two main modelling processes 
that require exceptional site conditions for an effective assessment. The study on LSTM 
benefited from a vast number of measurements. Thus a high degree of confidence in the 
conclusions regarding LSTM is to be expected. However, for an effective FDL assessment, 
the research encountered difficulties in finding sites satisfying the required site conditions 
(e.g. ample open field, approximately 100m by 50m, adjacent to a rail track). Moreover, for 
an effective investigation into the FDL effectiveness, a significant amount of work to gain 
access to the track is required to obtain its actual parameters. This challenged the ability to 
generalise the findings concerning FDL accuracy. The research attempted to overcome this 
drawback by undertaking the soil hardness test (as suggested in the literature, see Section 
2.2.2) and by examining different classes of trains running on the same track segment. This 
helped to conclude that the track conditions did not exclusively impact on the variation found, 
and that FDL is prominent in the variance of predictions regardless of the track conditions. 
This may leave behind some reservations concerning the findings related to FDL accuracy. 
Thus, a point that may be challenged is the high level of uncertainty remains in the FDL 
estimation method.  
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Abstract 
Railway induced ground-borne vibration is among the most common and widespread sources 
of perceptible environmental vibration. It can give rise to discomfort and disturbance, 
adversely impacting on human activity and the operation of sensitive equipment. The rising 
demand for building new railway lines or upgrading existing lines in order to meet increasing 
transit flows has furthered the need for adequate vibration assessment tools during the 
planning and design stages. In recent years many studies in the fields of rail and ground 
dynamics have encouraged many prediction techniques giving rise to a wide variety of 
procedures for estimating vibration on buildings. Each method shows potential for application 
at different levels of complexity and applicability to varying circumstances. From the 
perspective of railway environmental impact assessment, this paper reviews some relevant 
prediction techniques, assessing their degree of suitability for practical engineering 
application by weighting their methodology (i.e. considerations and requirements) against 
practicality and precision. The review suggests that not all procedures are practicable (e.g. the 
attainment of representative parameters needed to run the procedures) whilst others predicate 
on assumptions, which revealed to be too relaxed resulting in insufficient accuracy; however, 
a combination of methods may provide the necessary balance. 
 
1 INTRODUCTION 
Railway induced groundborne vibration may give rise to discomfort, disturbance and 
interference with specific human activities whenever vibration velocity or acceleration values 
exceed certain threshold levels. Moreover, vibration-sensitive equipment or its operation may 
also be adversely affected when subjected to vibration. In recent years, there has been a 
demand for new railway lines or upgrading existing lines to adjust the train traffic in order to 
meet demographic flows and commercial-industrial needs. Thus, the demand for adequate 
vibration assessment tools and the corresponding mitigation measures is growing, not only for 
the safety of train operation and track stability against deterioration but also for the 
environmental protection of the alongside built-up area. 
Specialist consultants and engineers are often requested to estimate the impacts of vibration 
from railways in an Environmental Impact Assessment (EIA). This comprises three stages: 
“scoping” (identifying if there may be a problem and where), “environmental impact 
assessment” (to quantify the problem and suggest mitigation) and “detailed design” (to aid 
and decide on mitigation methods). The requirements for a vibration prediction model in 
terms of complexity, speed of use, and accuracy differ accordingly.  
In recent years, several models have been proposed to predict rail-induced vibration. Some of 
them aim to overcome particular modelling obstacles focusing on specific aspects such as: 
geological structure (e.g. type of soil), train characteristic (e.g. speed, geometry), track form, 
supporting structural system (e.g. tunnel, embankment). For EIA this can be seen as an 
advantage, allowing the choice of the most convenient method according to the stage being 
undertaken.  
From the perspective of EIA, this review attempts to deepen the understanding of rail-induced 
groundborne vibration and appraise various prediction methods so as to choose the most 
appropriate method or combination of methods in accordance to the task at hand. This review 
will first outline the theory with emphasis on the train track interaction (as the generation 
mechanisms) and ground (as the medium through which vibration propagates); after which a 
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second section will focus on different modelling techniques appraising their merits in the 
context of the environmental impact assessment.  
 
2 OUTLINE OF THE THEORY 
This section attempts to outline aspects that affect the assessment of rail induced groundborne 
vibration from the EIA perspective. Firstly, it will give a brief description of the phenomenon 
followed by two subsections covering the train-track interaction and propagation path 
respectively. 
Groundborne vibration from railways is a power transmission process where the train pass-by 
is seen as the primary source of energy. Vibration is generated by the passage of trains due to 
the surface irregularities of wheels and rails, the rise and fall of the axle over the periodic rail 
support such as sleepers, and by propagation of the moving deformation pattern in the track 
and ground. These sources may excite resonances in the vehicle suspension [1]. The resulting 
vibration is transmitted through the track structure and propagates as waves through the soil 
medium where its amplitude and frequency are modified due to reflections and refractions at 
the interfaces of soil strata, each of which support different shear and compression wave 
speeds. The vibration is then transmitted to buildings via the foundations and may excite 
resonance in their structural components. At low frequency (around 6 Hz depending on the 
layout of the building) the building may rock as a rigid body on its foundation stiffness [2]. At 
frequencies around 16-200 Hz, lightweight structures (e.g. floor, wall and windows) may be 
excited into bending resonances [3]. 
 
3 Generation of vibration: train–track interaction 
The power transmitted by the source (track-train interaction) is dependent on the impedance 
of the system. The rail impedance, which contains a range of eigenfrequencies is determined 
by the complex stiffness of the whole dynamic system below the rail (e.g. [1, 4]); the wheel 
impedance is greatly dependent on the mass of the wheel and, to a lesser extent, on the 
stiffness and damping of the primary suspension (resilient wheel elements). Thus, the nature 
of induced vibration is determined by the track-form (including rails, ballast, sleepers etc.), 
train geometry (car length, bogie span and their arrangement distance between adjacent cars), 
interaction between the wheels/track, supporting structural system (e.g. the viaduct individual 
span) and the train speed.  
It has been shown that there are two principal mechanisms (e.g. [4, 5, 6]) to be considered in 
the generation of vibration. The first consists of the time history of the quasi-static 
deformation pattern produced by a series of momentary impact forces provided by the static 
weight of the train transferred from the wheels onto rails with specific time delays according 
to train geometry, sleeper spacing, and speed of motion. A second vibration generation 
mechanism is caused by the induction of dynamic forces as the unsprung mass of the wheel is 
excited vertically as it moves over the irregular vertical profile of the track. The first of these 
tends to be dominant at lower frequencies, although the specific frequency range over which it 
becomes relevant depends on the soil characteristics, train speed and the condition of the track 
as well as its design. Both the periodic axle loads and dynamic forces are transmitted from 
rails to ballast bed via pads and sleepers, and then to the underlying ground. 
In an attempt to cast some light on the generation of rail induced ground vibration, Dawn and 
Stanworth [2] empirically investigate the contribution of both mechanisms mentioned above. 
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They present some measurements from vehicles that appeared to show that at the farfield 
vibration level below 10 Hz depended more on the total axle load than on the unsprung mass, 
suggesting that the motion stress field under the train, due to the pattern of axles of the train, 
was responsible. However, the conclusion was based on a small amount of samples (two 
vehicles types) at a single site. Predicated on the assumption that, for continuously welded 
rails and perfect wheels, the most important mechanism of excitation is the quasi-static 
pressure exerted by the wheel axles onto the track, Krylov ([7, 8]) developed a theoretical 
model to study rail-induced vibration. However, for train speeds below the speed of surface 
wave propagation, unlike what is commonly empirical observed, all spectra presented in [7] 
shows discreet maxima (approximately 60dB higher than adjacent frequencies) at the train 
passing frequencies and at the frequencies determined by the train geometry. The missing 
spectral information between these dominant frequencies suggests that the system being 
modelled is misrepresented.  
In order to establish the influence of parameters of track and rolling stock, Jones and Block 
[5] developed a theoretical model which accounted for both generation mechanisms and 
layered ground; thus incorporated the effect of the low frequency cut-off of the propagation in 
the top soil – this aspect is further discussed in the next section. By simulating a freight train, 
where a contribution from axle loads would be expected due to its weight, results 
demonstrated that at the sleeper the dynamic forces due to the irregular vertical profile of the 
track dominated over the quasi-static for frequencies above around 15 Hz. A few years later, 
Jones et al. [9] took this matter further and delivered a paper on a theoretical model deemed 
adequate for investigating the contribution of each of the two components of actual vibration 
emissions at both the nearfield and farfield. The study revealed that the contribution from 
each component is a function of train speed ground properties and the distance between the 
track and observation point. Similarly, Auersch [4] shows that the deterministic static part 
rapidly diminishes with distance from the rail line suggesting that it can be negligible at 
farfield. According to Heckl et al. [10], the quasi-static vibration generated is proportional to 
the load carried by the train but independent of the dynamics of the vehicle and track quality. 
This vindicates why freight trains are often observed to yield considerable levels of vibration. 
On the other hand, vibration caused by the dynamic loading is considered to be independent 
of train load but not train type. Therefore, increased freight loads will lead to a proportional 
increase in vibration at low frequencies but not necessarily at higher frequencies. In essence, 
for conventional operating speed, at low frequencies very close to the track, the vibration is 
dominated by the quasi-static excitation mechanism, but beyond a quarter wavelength from 
the track [1] the dynamic excitation mechanism prevails throughout the entire frequency 
range. 
In addition to the irregular vertical profile of the wheels and the track, the generation of 
ground vibration tends to be of noteworthy amplitude due to wheel defects (such as 
eccentricity, unbalance and flats) and track features (such as rail joints/welds, points and 
crossings or changing stiffness of the soil/structure along the track). According to Kurtzweil 
[11], the presence of wheel flats and loose rail joints can increase vibration levels by 10 to 20 
dB. Kazamaki and Watanabe [12] reported a difference of 10 dB between new rails and 
wheels compared to corrugated rail and wheels with flats from normal service wear. For 
operational aspects such as doubling of axle loads the tunnel vibration levels will increase by 
2 to 4 dB [11]; for conventional operating speeds, the consensus is that overall ground 
vibration increases by about 4 to 9 dB (typically 6 dB) per doubling of speed [3]. At crossover 
and turnout an increase of 10 to 15 dB can be expected [11]. 
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It is also noteworthy that track parameters for track on soft ground have greater effect on the 
response levels for frequencies above 10 Hz [13]. According to [13], the sensitivity analysis 
undertaken showed that the embankment stiffness only affects frequencies above 10 Hz, being 
proportional at low frequencies (10-16 Hz) and inversely proportional at higher frequencies. 
 
2.2 Propagation Path 
 
2.2.1 Elastic Waves 
The stress pattern that the train yields on the track system (rail, sleeper and ballast) is 
transferred onto the ground beneath and around the train producing both body waves, i.e. 
shear waves (s-wave) and compression waves (p-wave), and surface waves (e.g. Rayleigh 
waves (r-wave), which can only travel in the vicinity of the surface). Each of these wave types 
are characterised by their motion pattern, affecting their strength and speed in accordance to 
the geological composition. Depending on the medium, combined waves are either 
‘nondispersive’ (where all individual waves travel at the same speed, regardless of their 
frequency) or ‘dispersive’ (where propagating speed is frequency dependent). The speed of 
the propagating wave is a function of the soil’s Young’s modulus Poisson ratio and density. 
Table 1 depicts the most relevant aspects for each of the three main types of waves that 
ground traffic produces. 
 
Table 1: Comparable characteristics of the three main wave types (adapted from [14]) 
 
 
 
 
 
 
 
 
 
 
Concerning the receptor (i.e. buildings), when under the influence of surface traffic, r-wave is 
the most relevant wave types that a passing train induces; it is the type that channels the 
majority of the induced energy. The diagram of Figure 1 depicts the r-wave behaviour as a 
function of depth; here one can detect a rapid decay of vibration amplitude (for both 
orthogonal directions) with depth.   
 
p-wave s-wave r-wave 
Highest propagation 
velocity 
Intermediate 
propagation velocity 
Lowest propagation 
velocity 
Longitudinal 
oscillation 
Transverse 
oscillation 
Vertical oscillation, but 
rapidly develops 
horizontal component 
with distance 
Propagation velocity 
increased below 
ground water level. 
Propagation velocity 
decreased by ground 
water. 
Propagation velocity 
unaffected by ground 
water but generally 
lower in moist soil. 
‘dispersive’  
Propagation velocity is 
frequency dependent  
‘dispersive’  
Propagation  velocity 
is frequency 
dependent  
‘non-dispersive’ 
  Propagation velocity 
is independent of 
frequency in 
homogeneous material. 
Energy proportional 
propagation is low 
Energy proportional 
propagation is 
intermediate 
Energy proportional 
propagation is high 
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Figure 1.  Variation of vibration amplitude with depth of r-wave as a function of Poisson ratio (adopted 
from ref. [15]) 
 
2.2.2 Soil Structural Behaviour 
The soil through which vibration is transmitted causes the wave amplitude to decrease with 
distance due to geometrical spreading (also referred to as geometric damping) and also by the 
loss of energy that the soil offers to the propagating wave, especially if the soil is of granular 
material due to the friction between grains (referred to as material damping).  
Via the analytical approach, Lamb in 1904 (as referred in Hung & Yang 2000 [16]) pioneered 
the classical theory of elastic wave propagation in homogeneous ground. One of the key 
points that stems out of Lamb’s research is the establishment of the geometric spreading 
coefficient for each of the wave types (see Table 2), which is widely used by researchers, as a 
basis for developing empirical prediction models. For instance, at the farfield when 
considering a homogeneous half-space the geometric spreading can be described by the 
following equation: 
   (1) 
Where A0 and A1 represents the vibration amplitude at distance from the source r0 and r1 
respectively, n is Lamb’s coefficient. 
 
Table 2: Lamb’s predicted geometric attenuation coefficients 
 Case a (point 
source) 
Case b (line source) 
 R waves P&S waves R waves P&S waves 
At Surface n= -1/2 n= -2 n= 0 n= -1 
Interior  n= -1  n= -1/2 
 
From the table above it can be seen that, in the farfield assumption, the surface response is 
dominated by the Rayleigh wave; and as shown by Miller and Purvey [17] the Rayleigh 
waves account for 67.4% of the total energy radiated from the point of excitation. 
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Material damping, which is related to the material’s deformation properties, can also be 
expected at the interfaces between solids (different types of soil structure) due to air-pumping 
and friction and also occurs due to radiation of vibration from a finite structure into its 
surrounding medium [18]. Hence, isolating these effects and measuring their impact is an 
extremely complex process. Furthermore, as referred in  [19] for real soils, there is a variation 
of material behaviour with depth due to the static stress condition of the soil; the shear 
modulus increases with the square root of the static stress, and damping decreases with 
increasing static stress down to a limiting value. Thus, even for homogeneous soil material 
one would expect, as a function of depth, the shear wave velocity to increase and damping to 
decrease. 
Mintrop (cited by Bornitz 1931 cited in [20]) showed that geometric spreading and material 
damping attenuation effect can be combined through the expression below. 
   (2) 
where α is the attenuation coefficient due to material damping (m-1). For a specific soil α, 
which is both frequency and soil type dependent [21], is difficult to determine; although there 
are general guidance for difference soil types (e.g. ref. [22]). However, Attewell and Farmer 
[23], suggests an α ranging from 0.003 to 0.12 m-1 to be used as material damping coefficient. 
In reality, the propagating medium is usually stratified, and possesses discontinuities forming 
layers. In layered ground, some energy is refracted through to adjacent layer(s) and some is 
reflected. Depending on the density ratio between materials and the angle of incidence at the 
boundary, the velocity of the reflected and refracted waves can be greater than that of the 
incident wave. In layered ground additional modes of vibration can propagate along the 
interfaces of layers, and mode conversion from one type of wave to another may be 
encouraged. Figure 2 depicts the difference in mode shape in the layer (top) and half-space 
(bottom similar pattern to Fig. 1). 
 
 
Figure 2. Mode shape sketched for layer (top curves) and half-space (bottom curves) 
 
In general, only the soil material down to a quarter of the wavelength of the r-wave has an 
influence on the response of the surface. As referred in [19], the resonance of the layered soil 
corresponds to the shear wave speed over four times the layer height (see Fig. 2 where only 
half of the wave is represented, it can be seen that a quarter of the fundamental represents 
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highest partial displacement). Auersch [19] presented a study that showed the expected 
discrepancy, due to resonances induced in the upper layer, between homogeneous and layered 
ground responses. On this study the relationship between the top layer depth and the wave 
amplitude was observed to be a function of frequency. Furthermore, on layered ground the 
influence of the underlying half-space on the propagation of high frequencies (i.e. above 
about 20 Hz) was notable. 
 When characterising the wave propagation in an inhomogeneous medium (i.e. layered 
ground) one can expect the r-wave propagation velocity to vary if the sub-soil is composed of 
soil layers that have different shear velocities [24]; there is a dependency between the 
frequency of the propagating wave and the depth of the surface layer as demonstrated (e.g. 
[25]). This is referred to as the “cut-on” phenomenon, which is a consequence of natural wave 
impeding effects by shallow layers; shallow surface layers tend to act as a high pass filter. For 
high speed railways, trains can travel at speeds approaching those of the surface waves. In 
these situations, modes with wave speeds higher than the r-wave speed but lower than the s-
wave speed in the underlying layers are excited on the surface. Thus, the relevance of 
including the effect of both the railway track structure and the layered structure of the ground 
has been demonstrated in [6, 25, 26]. For the special case where the train speed is close to the 
wave speed of the soil, a number of studies (e.g. [8, 25, 27]) suggest that the effect of the 
moving load may be even more pronounced due to resonance and cut-on frequencies.  
 
2.3 Soil characterisation and parameters 
There are two common approaches when modelling the soil: half space assumption and 
layer(s) assumption. In the case of a half space assumption, the wave field is predominantly 
governed by the r-wave. For the case of a layer(s) assumption, where the ground is assumed 
homogeneous within individual soil layers, the dispersive nature appears and the wave field is 
governed by the generalized modal waves that can be characterized by various wave speeds 
for different frequencies (e.g. [28]). At sufficient depth, the lowest layer can often be 
represented as a homogeneous half space. As referred in [25] this type of ground modelling 
has shown adequately to represent the behaviour of the real ground sites over the frequency 
range of interest. Yet, for relative low amplitudes of vibration many researchers treat the 
ground as a linear homogeneous elastodynamic material, especially when analysing the 
relative impact of different rolling stock or track components (e.g. [29]). However, for the 
prediction of absolute levels the ground needs to be modelled in accordance with the site 
characteristics. 
Especially for layered ground, “dispersion diagrams” (Fig. 3) expressing the propagating 
wave field are commonly used. The diagram is represented in the frequency–wavenumber 
domain (which is obtained by taking the Fourier transform from time-space domain) and 
gives the dependence of propagating wavenumber on frequency facilitating the wavenumber 
of each mode to be investigated as a function of frequency. 
Each line in the diagram (Fig. 3) represents a wave type associated with a cross sectional 
mode of the layered soil. Here the wave phase velocity (i.e. wave speed at a particular 
frequency) of each mode at a particular frequency is equal to the inverse slope of an 
imaginary line drawn from the origin to a point of on the dispersion curve (e.g. the dashed 
line in the figure represents a specific speed throughout). However, for each mode, the speed 
at which the energy is channelled (i.e. group velocity) is given by the inverse slope of the 
dispersion curve representing that mode. f0, here representing the lower limit of the mode, is 
referred to as “cut-off frequency” (some authors refer to it as “cut-on frequency”). 
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Figure 3. Dispersion diagram dash line represents the shear wave speed (C1 of upper layer and C2 of 
half-space) 
 
Depending on the nature of the investigation there are many seismic techniques that can be 
used to characterise and extrapolate parameters capable of describing the wave propagation. 
Within the shallow seismic techniques for the near-surface characterisation of sites, Surface 
Wave Methods (SWM) is a very powerful technique. It is a non-intrusive method (boring is 
avoided) where the field data is collected using standard seismic equipment. This technique is 
capable of obtaining the distribution of soil properties that influence the wave propagation by 
means of an interpretation procured from wave field observing. The field surveys consist of 
exciting the ground (e.g. sledgehammer, explosives) and capturing its response using an array 
of geophones coupled to the ground along a line. Subsequently, collected data undergoes a 
complex set of analyses in accordance with the chosen procedure, as demonstrated in ref [30]; 
additionally, judgement and experience are necessary when interpreting plots for an effective 
analysis. Socco and Strobbia [30] presented a paper giving a general overview of different 
SWM approaches where many possibilities and limitations were presented and discussed. For 
an effective ground investigation, acquisition needs to be designed to ensure adequate 
sampling of the wave field; for example, regions on the dispersion curves plots can be 
compromised due to aliasing as a consequence of spatial resolution (distance between 
geophones that makeup the array). For example, in reference [31] for a 1m spatial resolution 
the dispersion curves above 3 rad/m showed to be difficult to interpret. As demonstrated by 
Socco and Strobbia [30] in accordance to the array length the analyst is impelled to different 
modal interpretation. Amongst other identified constrains, the most relevant implications that 
could be considered as practical limitations for a rail induced vibration environmental 
assessment is signal-to-noise ratio, considering that environmental impact is mainly 
undertaken close to residential areas where noise from traffic is to be expected, and explosives 
as an excitation method would be inappropriate. To illustrate how sensitive this method is to 
noise Triepaischajonsak et al. [31] reported that the air borne noise from the sledgehammer 
drop onto an aluminium plate showed up on the transducer readings, even after undertaking 
active measures such as covering the accelerometers with upturned buckets to reduce acoustic 
excitation via air. 
As a practical ground characterisation method aimed at rail induced vibration, 
Triepaischajonsak et al. [31] presented a procedure rooted on SWMs in conjunction with 
theoretical ground model deemed capable of identifying the properties of the material, 
including its layered structure. The theoretical model that makes part of the process, assumes 
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homogeneous soil layers with their boundaries parallel to the ground surface, is based on 
expressions of Kausel and Roësset [32]. In this study, site measurements were taken along a 
line at every 1m over a total length of 42m. Data were analysed to give seismogram (time-
spatial domains) plots, as a way of determining the p-waves speeds, and dispersion diagrams. 
Apart from damping and density, which was assumed to be 2000 kg/m3, the remaining 
parameters were derived in terms of the elastic moduli and fundamental wave speeds of the 
medium. It was found that p-wave speed measured on the top layer can be used on the other 
layers below without significantly impacting on the results. The narrative suggested that 
human judgement was of essence in order to select and adjust the information given from 
SWM that is to be fed into the theoretical model. However, by providing the derived ground 
parameters to a rail induced vibration models, based on reference [13, 33], good agreement 
was attained. 
FTA [34] proposes a rail induced ground borne vibration prediction methodology where a 
direct approach based on “Line Source Transfer Mobility” (LSTM) is used to characterise the 
ground. Based on the assumption that the train can be modelled as an incoherent line source, 
the ground investigation prescribed in FTA [34] simply assesses the contribution of the 
intervening ground to the propagation of vibration from a dynamic line source (such as a 
train). This method is efficient in that it holds the capability of describing the line source 
propagation decay with distance (which as mentioned above is a function of a number of 
parameters) for a specific site. The method prescribes two different field procedures for 
obtaining the LSTA: the “Line of Transducers”, which is especially useful for underground 
testing (avoiding the need for multiple boreholes), and the “Line of Impacts”, which is a more 
direct approach, requires fewer resources (only 4 to 8 transducers are often needed). “Line of 
Impacts” consists of measuring the ground transfer mobility (in 1/3 octave band) at a set of 
points, evenly spaced (3 to 6 meters) along (or parallel to) the track centre line spanning the 
train’s length. Transducers that capture the response are combined in an array perpendicular 
to the line of impacts (ideally 3 to 7, depending on spatial resolution). Following the 
trapezoidal rule for numerical integration, the point source transfer mobility for each receiver 
location can then be computed to directly calculate the line-source transfer mobility. 
Both methods described above merit in different ways; the first, based on SWM, is most 
advantageous when investigating and studying discrete aspects within field of rail induced 
vibration; whilst the second, based on LSTA, shows adequate for a detailed rail-induced 
vibration impact assessment. 
 
3 ANALYSIS METHODS AND MODELLING APPROACHES 
In recent years several models have been proposed to predict vibration propagation into 
buildings induced by moving trains, each with different degrees of complexity. However, for 
environmental purpose, ISO 14837-1 [35] suggests breaking the assessment into three stages 
and recommends that the model used should satisfy each stage accordingly, these stages are: 
scoping (or screening), environmental assessment (or general assessment) and detailed design. 
Scoping model: to be used at the very early stage of the development of a rail system to 
identify whether ground borne vibration is an issue for the proposed system and location. This 
model should predict for the worst case, be simple and quick to use and should rely on generic 
input parameters, those that will be available at the very early stage of the project’s 
development. Environmental assessment model (or general assessment): to be used to 
quantify more accurately the location and severity of groundborne vibration effects for the 
proposed rail system and the extent of mitigation required. It will therefore need to consider 
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all the parameters that are critical to determine the absolute levels of groundborne vibration 
and the benefits of design and mitigation options. The input parameters should be more 
specific (e.g. track type, train speed, geological profile, building type etc.). Detailed design 
model: to be used to support the detailed design and specification of mitigation. This is often 
used to provide more detailed analysis for one or more components of the system; e.g. source 
propagation path of receiver. 
 
 
3.1 Empirical Modelling 
Empirical models, which rely on extensive and rigorous analysis of collected data, provide 
responses that can be extrapolated and applied on other existing and non-existing 
installations. Most of the prediction models are composed of several separable independent 
formulae (empirical laws), each of which serve as a control parameter and can influence, to a 
certain extent, the final response. The advantage of empirical formulae is that they are usually 
simple to use. 
There are two approaches to consider: using specific measurement results carried out at the 
relevant site in order to acquire the relevant component constant and adjusting the result to 
site-specific properties (e.g. soil decay rate for a specific site). The other approach is the use 
of empirical prediction method derived from statistical consideration of numerous meaningful 
measurements in a variety of field surveys in order to compile an extensive database allowing 
statistical analysis to formulate empirical laws from which prediction algorithms can be 
derived. For such, analysing a set of vibration data in the frequency domain can be very 
helpful to establish relations and mechanisms that may be involved in vibration excitation 
caused by trains (e.g. through field measurements at 79 sites Okumura and Kuno [36] set out 
to establish the influence of parameters such as train type, speed, length, distance to source 
and background vibration).  
Melke and Kraemer [37] used an empirical method called “diagnostic measurements” to 
establish laws that can be used in a prediction model. By observing the train vibration 
frequency pattern at different train speeds, and analysing the tunnel/soil natural frequency 
they formulated the expression for the sleeper passing frequencies fs:  
 
    (3) 
 
Where c is the train speed in m/s and ls the space between sleepers in meters. Similarly, 
reference [38] contains useful remarks and considerations built on the analysis of 
measurement data.  
Models strictly based on empirical laws (e.g. FTA [34] Ch 10: General Vibration Assessment) 
often do not require detailed knowledge of the site and are not considered to give accurate 
predictions. Nevertheless, they are commonly used for scoping and identifying scenarios that 
require detailed analysis.  
An example of such is VIBRA-1 [39], which is a prediction tool for estimating groundborne 
noise from floor vibration at dwellings adjacent to rail traffic running on both open line and 
s
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tunnel. The analysis is based on a semi-empirical model that combines the theory of wave 
propagation (e.g. Eqn. (1)) with data from a number of measurements of ground borne 
vibration and noise. It uses readily available data (acquired in Switzerland) on train traffic, 
train type, track sub-soil and on structure of the building. Reference [40] presented the 
model’s validation, which was undertaken in accordance to ISO 14837-1, [35], showing (for 
open line) very encouraging results for a “general assessment” model; a mean deviation of 
+3.18 dB and a standard deviation of 6.65 dB. Nevertheless, the data, which supported these 
statistical descriptors, ranges around 15 dB; unacceptable level of uncertainty for the detailed 
design stage. 
Another modelling approach commonly used is to estimate the changes caused by different 
design and operation. Based on this approach, Kurzweil [11] presented a straightforward 
procedure for estimating the floor vibration and A-weighted noise level in a room of a 
building in the vicinity of a subway. The method relies on established dynamic properties of 
the common subway structures and the intervening soil between the tunnel and the dwelling. 
For the source it relies on measured energy at the wall of a subway tunnel during a pass-by 
running at 60km/h; reference [11] provides a spectrum (empirically attained) where its upper 
and lower bound values at each octave band range approximately 10 dB in accordance to the 
degree of rail and wheels smoothness and substructures (considering both ballasted and direct 
fixed). For the propagation path the model relies on empirically derived ground vibration 
attenuation curves (which represents an average soil) given as a function of frequency and 
distance from the tunnel. The receiver is characterised through both coupling loss at the 
foundation and the vibration change due to propagation within the building (-3 dB per floor). 
For heavy masonry either on spread footing or piles the given insertion loss ranges from 10 to 
20 dB. 
Other similar methods where proposed by other researchers some requiring more parameters. 
For instance, Melke [41] proposes a similar method based on transmission loss, however it 
suggests the characterisation of the source by the velocity levels at the rail and then applying 
coupling losses to the track transition and tunnel transmission and so forth. 
There are semi-empirical models, which exploit certain wave propagation properties as a way 
of simplifying the governing mathematical expressions; for instance, by neglecting all wave 
types except compression waves, Ungar and Bender [42] reduced the elastodynamic 
complexity to a simple acoustic problem. This allowed them to develop a very simple semi-
empirical model for estimating the floor vibration level in a room of a building close to the 
subway. The model allows for layered ground where the attenuation offered by each layer is 
given as a function of thickness, loss factor and p-wave speed. It assumed that p-waves travel 
perpendicular to the layer boundaries and the interface loss is calculated as a function of each 
layer’s density and p-wave speed. For the source, Ungar and Bender provides pass-by octave 
band measurements taken at the tunnel for various subway lines (e.i. NY, Toronto, Paris). For 
a conservative estimation, the procedure suggests the spectrum resulting from the upper 
envelope of all the measured data points. The spectrum is then computed to account for the 
attenuation due to spreading from line source. In order to facilitate the application of the 
model, Ungar and Bender provide a table, which gives the required propagation properties for 
typical soils type. The input data required are: distance from the surface to the observation 
point; tunnel radius; thickness and soil class of each layer. This model is limited in that it 
relies on a short number of measured pass-bys and it does not account for the r-waves that 
propagate along the surface into the building; thus, for buildings located away from the region 
above the tunnel the vibration levels are deemed to be under estimated. 
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For high-speed trains, Rossi and Nicolini [43] proposed a simple-empirical prediction 
method. Based on the fact that high-speed trains run on compressed high-density soil, the soil 
characteristics were simplified when modelled. This model depends on a few input parameters 
such as train speed, train mass, rail geometry, soil characteristics and receivers position. It is 
stated that error is kept below 2.5 dB. However, the output is not frequency dependent, a 
single value expresses the predicted vibration levels; thus, restricting the usability when 
assessing human response to both vibration and noise. Nevertheless, it proves adequate for the 
“general ass.” stage. 
For a detailed railway vibration assessment, FTA [34] puts in place a methodology based on 
the prediction procedure proposed by [44]. The method normalises all the field vibration 
measurements by removing the soil’s contribution from the resulting vibration; thus yielding a 
quantitative description of the source (as a normalised force density) assumed to be 
independent of the soil characteristics. This test procedure is based on three quantities: “Line 
Source Transfer Mobility” (LSTM), which characterises the transfer of vibration due to a line 
load; “Force Density Level” (FDL), which represents the power per unit length of an 
incoherent line source of the dynamic forces induced by the passing train coupled or not 
(depending on where it was measured) to the track support system; and the train’s emitted 
vibration velocity level (LV), representing the vibration measured during a train passage. The 
test procedure requires these quantities to be expressed in 1/3 octave band as the root mean 
square (RMS) value. Assuming all values are expressed in decibels (logarithm domain), these 
three quantities relate to each other as such: 
 
    (4) 
 
Since FDL cannot be directly measured, FDL is determined by subtracting from the measured 
LV the computed LSTM (measured at the same site). Finally, by combining FDL with LSTM 
(measured at the site were predictions are required) it is assumed that the resulting force 
density can be used to predict the vibration velocity level at other sites with similar train and 
track characteristics. Predicating on the suspicion that ground characteristics can influence the 
inferred FDL, the accuracy of the procedure was investigated by means of numerical 
simulation [45]. It was concluded soil characteristics impact on the FDL. However, if the 
impacts are performed on the track a good agreement (within 6 dB) can be expected even for 
extremely different soil types; nevertheless, if the impacts are performed adjacent to the rail 
then the soil will have a significant impact (up to 15 dB for extremely different soil types) on 
the prediction. Contrary to methods mentioned above, the FTA proposed procedure merits in 
that it effectively takes into account the ground contribution for each specific site.  However, 
this modelling technique falls short in that it does not provide for an original situation (e.g. 
new combination of rolling stock and track design).  
 
3.1 Theoretical modelling  
Theoretical models are mainly based on numerical, analytical and semi-analytical methods 
relying on complex mathematical formulations; moreover it requires a significant amount of 
input parameters if one intends to investigate the entire system solely on numerical solutions. 
Each method has its own merits and can be used as a prediction tool or just as a mean of 
investigating a specific components and/or subsystem (e.g. train-track interaction). 
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Analytical/semi-analytical models are based on algebraic formulations, which exploit 
dynamic law and are typically expressed as a mass spring system. They are seen as a 
computationally efficient model (in contrast to Finite Element Models) for calculating rail 
induced vibration. Models such as [13, 46] have been used to study the effect of interaction 
between the track, the ground and the moving load.  
A representative example of these modules is [13] where the prediction of train induced 
vibration was carried out at three sites. The model requires the knowledge of ground, track, 
vehicle dynamics and vertical profile of the track. Ledsgard and Burton Joyce sites were 
modelled according to detailed knowledge of the ground characteristics, track components 
and vehicle dynamics; Via Tedalda, which lacks specific parameters, the track components 
(e.g. ballast, sleepers and embankment) were modelled based on typical parameters and the 
ground parameters were inferred from a figure published elsewhere. Rail vertical profile data 
was only available for Burton Joyce, as for other two sites typical data was used. At Ledsgard, 
very good agreement was attained for the displacement along the track. Furthermore, it was 
also demonstrated that the model has the potential to accurately determine the nonlinear 
impact that the speed of the moving load has on the track displacement as a function of 
ground characteristics. Again, this study vindicated that quasi-static response can be neglected 
at farfield for trains running below the wave speeds in the ground. Conversely, for load 
speeds exceeding the wave speeds in the ground, since the load speed excites the first mode, 
the response from quasi-static load dominates. For environmental purposes (i.e. response at 
farfield) this model showed good agreement in almost all 1/3 octave bands for the Ledsgard 
site. For the Via Tedalda site, prediction levels are much lower than the measured ones; 
according to the authors the discrepancies were attributed to the building next to the track (i.e. 
buildings reflect vibration). For the Burton Joyce site, two sets of measurements 10 m away 
from the track were available, each measured 20 m apart along the track; it is noteworthy 
pointing out that measured spectra differ approximately by 10 dB (except in the frequency 
range 15-40 Hz) which illustrates how sensitive the response is to the precise site location; on 
the basis that the track conditions were inspected and since it is claimed that its profile was 
measured it can be deduced that the discrepancy is due to the ground properties. All in all for 
Burton Joyce, prediction levels best agreed (within approximately 6 dB) at one of the 
locations. 
There are some analytical/semi-analytical models, such as CIVET (Change In Vibration 
Emitted by Track) for surface rail and PiP (Pipe-in-Pipe) from underground rail, which do not 
aspire to give absolute vibration levels but simply aim to calculate change in vibration 
response at an observation point due to changes in the track or vehicle parameters (e.g. 
prediction of the corrections for the vehicle, track and operating speeds). 
CIVET [47] is a semi-analytical model based on the same principle as [5]. The track is 
represented as a 2D, infinite, layered beam resting on a 3D half space. Hysteretic damping is 
used in the model using a complex stiffness parameter, i.e. a material loss factor. The 
wheelset (an unsprung mass) acts on the rail via a linearised contact stiffness, while wheel and 
rail roughness is introduced as a differential displacement function across the contact spring. 
The vehicle suspension is modelled as a complete one-dimensional system for each wheelset, 
including primary and secondary elements, bogie and body masses. A half-space foundation 
model represents the ground as a frequency-dependent support stiffness distribution under the 
track, and provides a suitable summation of the contributions of vibration from all points 
along and across the width of the track. CIVET uses only the dynamic forces due to unsprung 
mass mechanism (not the quasi-static) in its simulation of the excitation and, therefore, is not 
able fully to simulate all the effects at low frequencies in the near-field. Aspects that would 
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impact on absolute levels such as inhomogeneous ground and not accounting for quasi-static 
excitation play no relevant part on the model’s aim. The lack of quasi-static excitation is 
justified through the assumption that changes in track design that causes a significant 
modification of the quasi-static excitation usually do so as a result of some form of load 
spreading. The accuracy of the differences predicted by the model was validated during the 
RENVIB project [48]. 
PiP, first presented by Forrest and Hunt [49, 50], is a semi-analytical model which was 
developed into software with a user friendly interface by Hussein and Hunt [29] and has been 
validated against the coupled FE-BE model for the case of a tunnel embedded within a full 
space [51]. It sets out to evaluate the effectiveness of vibration countermeasures by predicting 
relative changes in vibration response in accordance to alterations made to specific 
components of the system, such as slab mass and tunnel width. The tunnel wall and its 
surrounding infinite soil are modelled as two concentric pipes; where the inner pipe represents 
the tunnel wall and the outer pipe, with its radius being set to infinity, represents an infinite 
soil with a cylindrical cavity. Further developments, part of an on-going process, aim to allow 
greater modelling flexibility for both computational efficiency and modelling scenarios (e.g. 
[52]) allowing for tangential forces at the wall making it possible for different arrangements 
of supports for floating-slab track). 
 
3.3 Numerical modelling  
Numerical Modelling methods, which most frequently take the form of Finite Element 
Method FEM and Boundary Element Method BEM, are capable of a high level of 
sophistication, limited only by the accuracy of the parameters assumed and computation 
power. They are mostly recommended when material properties (e.g. arbitrary geometry of 
structures and ground surface) and geological conditions are too complex for algebraic 
predictions and comparison with measured data is unavailable. FEM advantageously analyses 
wave propagation in structures and media with local inhomogeneities and complex material 
behaviour for analysis of large open domains BEM may be applied. Thus, the entire system, 
source-path-receive, can be efficiently modelled by combining both methods (i.e. FEM and 
BEM, referred to as FE-BE), where FE can be applied to the building being modelled and 
BEM to the layered or half-space ground. For evaluating the effectiveness of mitigation 
schemes, the FE-BE technique has shown to be very proficient. An example is given by 
Sheng et al. [53], where a wave impeding block (which filters off the low frequency 
propagating in the same way as a shallow top ground layer, raising the upper bound frequency 
of the evanescent wave) is simulated. 
As with the analytical approach, FE-BE can be used to study the ground vibration generated 
by the motion of the train axle load on railway track. Auersch [4] presents a hybrid model 
where each sub-system is modelled accordingly; the vehicle (its multi-body modes) was 
modelled using the multi-body method, the track was modelled using FEM and the ground 
was modelled using BEM. Based on specific parameters, Auersch undertook a comprehensive 
study where specific phenomena (such as the speed at which the sleeper passing frequency 
meets the vehicle-track eigenfrequency) could be inspected For instance, the manifestation of 
Doppler Effect, which the author considers to be due to the sleeper passage excitation when 
the load moves towards to and away from the observation point, was acknowledged. As 
suggested by the study, it is this phenomenon that contribute significantly to the observed 
vibration at farfield within the 80-120 Hz frequencies range. However, when considering the 
model as an environmental prediction tool, although very good qualitatively, greater 
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discrepancy (within 10 dB over the 4-250 Hz frequency range) was observed even when using 
specifically measured input data. Again, this proved to be a very efficient tool for studying the 
phenomena but the accuracy does not outweigh the complexity (both in developing the model 
and attaining the necessary parameters) to be used as a prediction tool. 
A two dimensional (2D) FE-BE model and a three dimensional model have often been 
proposed for modelling rail induced vibration. 2D models are limited in that they cannot 
account for wave propagation in the direction of the track nor the passing of the train. On the 
other hand, 3D requires greater computational resources; it was reported [54] that 3D requires 
a run time 2000 times longer than for 2D. Furthermore, a comparison between FE-BE 2D and 
3D approaches presented by Anderson and Jones [54, 55] revealed that unlike 3D, which has 
the potential of giving absolute levels when predicting groundborne vibration, 2D models are 
only capable of giving qualitative results providing a quick tool to assess isolation measures. 
As a way of overcoming the 3D computational power requirements, researchers like Aubry et 
al. ([56], referred in [53]) and Papageorgiou and Pei [57], proposed a numerical solution 
based on the so called 2.5D, or quasi two-dimensional where, as with the analytical method, 
the 2D problem is solved for a range of wavenumbers in the third direction. The 3D response 
is then recovered by using the inverse Fourier transform. This implies that applications 
concerning moving loads such as trains, the geometry of the structure and subsoil is two-
dimensional or periodic and thus can therefore only be applied to problems with constant 
geometry along the direction of the track.  
Based on the 2.5D coupling FE-BE technique and predicating on the assumption that the 
ground and built up structures can be assumed to be homogeneous in the track direction, 
Sheng et al. [53] presented a numerical model to predict rail-induced vibration spectra which 
showed to be proficient as a way of evaluating vibration countermeasures. Computational 
efficiency was attained by considering the ground and built structures, such as tunnels and 
tracks, to be homogeneous in the track direction allowing the problem to be modelled using 
the ‘wavenumber finite’/’boundary element method’ formulated in terms of the wavenumber 
in that direction. In comparison to conventional, three-dimensional finite/boundary element 
models, this model revealed to be more computationally efficient since discretisation is only 
made over the vertical–transverse section of the ground and/or built structures. With this 
model it is possible to predict complete vibration spectra.  
For both underground and surface rail, the main draw back this method presents is that the 
layers boundaries need to be parallel, along the direction of the track, to the ground surface, 
and built up areas are restricted to buildings and/or mitigation process (such as trenches) that 
extent to the infinity in the direction along the track. 
 
4 Conclusion  
An outline of the theory behind rail-induced vibration has been presented and the most 
influential parameters were identified. Representative methods for characterising the 
behaviour of the ground to the incoming vibration were contrasted; rail induced vibration 
prediction models have been reviewed and mapped against different stages of the EIA. The 
review suggests that ground response is highly unpredictable and differs significantly within a 
short distance; thus, specific ground parameters or response should be collected for both the 
environmental assessment and the detailed design stages. The review identifies the fact that 
the near-field effect impacts on the measuring location choice. However, for the scoping stage 
of the EIA, models based on field observations along with simplified generic governing 
equations (e.g. VIBRA 1) have proven adequate. Based on the arguments laid throughout it 
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can be envisioned that an ideal modelling technique, for environmental purposes, is to 
combine the FTA procedure, as a way of estimating the impact from a specific train at a 
particular site, with a theoretical model (e.g. CIVET) to calculate the change in vibration 
response in accordance with the proposed design and/or operation (i.e. relative change to the 
track form and/or vehicle dynamics).  
Although numerical models proved to be a very efficient tool for studying the phenomena the 
accuracy does not seem to outweigh the complexity (both in developing the model and 
attaining the necessary parameters) to be used solely as a prediction tool. However, due to 
their geometrical flexibility when representing complex structures, numerical models are 
justified when predicting the insertion loss offered by a mitigation scheme of a complex 
nature (due to material properties such as the geometry of structures). 
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Abstract 
When assessing ground-borne vibration related to railways, careful consideration needs to be 
given to the mounting and coupling of the transducers. This paper presents the results of 
research investigating some of these fundamental issues. Different couplant materials and four 
of the most commonly used transducer-to-ground coupling techniques (spikes, buried, slabs, 
and the transducer directly plastered to the ground), were compared and analysed within the 
frequency range 5 Hz to 500 Hz. 
The data demonstrate that transducer vertical alignment has limited influence at small angles. 
“Blu-tack” showed to be an adequate couplant. Above 50 Hz coupling systems can influence 
the reading by up to 20 dB. Using the train as a source of vibration yields a high degree of 
non-linearity on the coupling systems performance. 
Keywords: Ground-borne Vibration; Railway transducer coupling. 
 
 
1 Introduction 
Placement and ground coupling of the vibration sensor (transducer) are the two most critical 
factors to ensure accurate ground vibration assessment from railways. An effective coupling 
between the transducer and the ground is often difficult to achieve, especially when the 
transducer mounting is restricted to limited options that the ground structure offers. There 
isn’t a unique transducer mounting method that can satisfy all types of ground structure; 
ground surfaces can be covered with cement, asphalt, embedded slabs or just soil, where 
conditions differ from site to site. Good coupling means the transducer maintains proper 
contact with the ground, and is essential for good measurements. This paper compares 
different ground coupling methods (spikes, buried slabs, and the transducer directly plastered 
to the ground) and assesses the reading with different transducer angular misalignment within 
the frequency range 5 Hz to 500 Hz at a number of sites. 
The paper reviews the issues associated with ground coupling for railway vibration 
measurements and then presents collected data upon which conclusions are drawn as to the 
influence of the coupling mechanism on the suitability of the readings. 
 
2 Literature Review 
Poor coupling can cause friction and slippage of the transducer, resulting in distortion, 
altering the amplitude and phase of the signal, often yielding higher measured vibration 
levels. It has been established [1] that ground coupling is a resonant phenomenon, where the 
transducer and the ground coupling form a resonant system. 
Various researchers have sought to investigate the coupling phenomena, accrediting 
parameters to characteristics of the coupling resonant frequency. Through the use of 
numerical models combined with field experiments [2] attributed the prim effect of ground 
coupling to the base area, weight of the transducer and conditions of the ground. [3] 
investigated how the coupling influences the amplitude and phase of the vibration signal and 
concluded that, along with transducer placement and spike length, the soil type and condition 
can drastically affect the measurements. [3] also raised the suspicion that the coupling 
resonance is insensitive to change in the mass or diameter of the transducer. 
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The above and other contradictions in this field can be explained. [5] claims that research 
based on theoretical models and results from laboratory experiments only describe coupling in 
practice to a limited extent. This is because characteristics difficult to replicate, such as near 
surface soil properties, density gradients, non-linearity, quality of mounting etc, play a bigger 
role on the ground coupling phenomena than some of the characteristics that can be analysed 
through theoretical models and laboratory experiments. [6] reveals that there isn’t a simple 
relationship between laboratory and field tests. 
However, most research and recommendations [7] [8] [9] [3] agree that for high frequency 
recordings or where there is loose soil the best coupling can be achieved by burying the 
transducer. Where the measurement surface consists of rock, concrete or asphalt the 
transducer should be fastened to the measurement surface with a bolt or with epoxy or other 
quick-setting, rigid cement. It is widely accepted [10] [11] [12] that when the maximum 
acceleration falls between 0.2 and 1.0 g, the transducer should be buried completely. 
Literature reveals the use of mounting spikes to be a controversial issue. Although some 
authors [11] [12] claim that spikes can be an effective coupling system for ground 
acceleration below 1.0 g, [10] discourages the use of spikes claiming that they may affect the 
characteristics of the recorded motion. [13] claims that spike mounting over-estimates the true 
ground vibration by 46.5%. Conversely [3] concludes that burying the sensor or using long 
spikes are efficient ways of increasing the coupling resonance frequency. This view is not 
shared by [6] who developed a model showing that by increasing the spike radius and length, 
the frequency of resonance decreases. Another simple way of fixing a transducer to the 
ground is by placing a sandbag on top. [11] sees the good use of sandbags when the expected 
particle accelerations are below 1.0 g. Conversely, some authors [13] [14] discourage their 
use. 
The above literature reveals inconsistency in what is the best way of coupling the sensor to 
the ground. Nevertheless, it is incumbent on the operator to evaluate field conditions and to 
obtain good coupling between monitoring instruments and the surface to be monitored. 
National and International standards [7] [8] along with professional body guidance [9] [12] 
state what are seen to be accepted mounting techniques, what should be avoided, and give 
alternatives, where the requirements can’t be met. Still, analysts need to understand to what 
extent different mounting techniques influence the outcome and the impact on vibration 
measurement. 
 
3 Methodology and Results 
To investigate some of the issues mentioned above, the adopted methodology has to consider 
the fact that the actual input signal (train induced vibration impinging on the mounting 
system) is unknown. For every set of tests, coupling effectiveness was assessed. This was 
done by feeding an impulse, excited by a sledgehammer blow on the ground, into the 
mounted transducers and then examining how the transducers correlate between each other 
through the usage of “Coherence analysis”. This is an effective way of investigating if there 
are internal flaws or relevant differences in the structure (e.g. resonances) where the 
transducers are placed, certifying that all transducers see the same signal. 
As demonstrated in [3], the coupling phenomenon is non-linear and the resonance frequency 
can decrease almost by 100 Hz as the force applied increases. For this reason different classes 
of passing trains (43, 158, Freight 66, 153, 170 and 222) were used as the excitation 
mechanism. All vibration levels at the sensors were below 0.1 g. 
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As observed by [3], the ground structure can drastically affect the coupling mechanism. 
Therefore, two sites with different ground characteristics were selected to attempt to 
overcome this. The first site, 10 m from the train track, is a residential back garden. The 
ground consists of firm lawn, where the soil characteristics facilitate the use of all selected 
mounting mechanisms, also, well-bedded paving slab were available. At the second site, there 
is a path 3 m away from the train track. At this location, the ground is a compacted hard soil, 
where the soil composition and texture can compromise the quality of mounting, making it 
difficult to bury a transducer effectively. 
Each event (passing train or force impact) was simultaneously recorded, on four channels 
using four different mounting mechanisms. For each mechanism, the spectral amplitude is 
derived using the power density spectrum (PSD) function. Relative comparisons between 
mechanisms are presented using “spectral amplitude difference curve” (SADC), within the 
frequency range of 5 Hz to 500 Hz (which is the difference between the two PSDs). A 
“representative spectral difference curve” (RSDC) consisting of an arithmetic average of six 
SADCs, each corresponding to a different passing train, will characterise a coupling 
mechanism within the selected frequency range. 
For each figure presented, a single value (σ) that facilitates an overall comparison between 
coupling systems throughout the selected frequency range, is computed in a similar way as 
standard deviation, where the mean is effectively the SADC of the reference coupling 
systems. It is presented in dB referenced to 10-6. This test will not give an absolute response 
for any mounting technique since the input vibration characteristics remains unknown. 
However, the intention here is to analyse and quantify the relation between mechanisms. 
Below the tests undertaken are described with details of the results for the couplants 
angularity of the transducers and the sensor planting mechanism. 
 
3.1 Couplants 
Prior to investigating the different mounting methods, an experiment to evaluate three 
couplant materials was undertaken. These couplants were used to connect a mounting stud, (to 
which the transducer is attached), to the slab. The selected couplants were: Dental plaster, (a 
solid and long lasting equivalent to cement); Beeswax, (one of the most commonly used and 
reliable couplants) and “Blu-tack”, (reusable putty-like pressure-sensitive adhesive), which 
was selected for its practicality of usage. Two different thickness of “Blu- tack” were tested, 
1mm and 5 mm. The accelerometers employed for the test were placed at the same time on 
the same slab equidistant from the source. 
A coherence function was used to investigate if there are internal flaws or difference in  
concrete slab structure, where the transducers were placed. It is worth noting that when 
plastering a surface small gaps can be left at the junction between structures which may 
compromise the coupling. 
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Figure 1 shows there are no compromising flaws in the structure adjacent to each transducer 
and that all the transducers share the same input signal. Figure 2 shows the four resulting 
PSD. Figure 3 reveals that all couplants perform similarly up to 250 Hz. In this region 
divergence amongst them is kept to less than 1 dB. A 2.5 dB divergence around 375 Hz 
reveals that plaster couplant over predicts in comparison to the others. It is important to note, 
that “Blu-tack”, which is not referred in standards performs very similarly to beeswax, which 
is said to be a reliable couplant. The 5mm “Blu-tack” σ throughout the entire frequency range 
is 0.38 dB (all σ are presented on the plot’s label). 
 
  
3.2 Vertical alignment offset 
Cross-axis sensitivity (transverse sensitivity) is the measure of error on the signal produced by 
a transducer if it is vibrated at the right-angle to its working axis. The specification of the 
transducers used for the tests shows the transverse sensitivity error to be less than 5 %. 
It is often quoted that transducer tilt is to be kept to a minimum to avoid introducing another 
variable. [12] claims that “The sensor must be nearly level”, but failed to specify the degree 
of nearly. [3] states that below 60 Hz amplitude distortion is more influenced by the vertical 
alignment of the transducer than it is to the coupling mechanism. To investigate the effect on 
the sensitivity misalignment, three transducers, each vertically aligned at a different angle, 0°, 
10°and 20°, were placed on the same slab equidistant from the source. 
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A coh rence function was u ed to investigate f ther  are internal flaws or difference in slab’s 
concrete structure, where the transducers were placed. It is worth noting that when plastering 
a surface small gaps can be left at the junction between structures which may compromise 
the coupling. 
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Figure 1 – Coherence between the signal 
at the four transducers 
Figure 2 – Representation of the three 
resulting spectra. 
 
Figure 1 shows there are no compromising flaws in the structure adjacent to each transducer 
and that all the transducers share the same input signal. Figure 2 shows the four resulting 
PSD. Figure 3 reveals that all couplants perform similar up to 250 Hz. In this region 
divergence amongst them is kept to less than 1 dB. A 2.5 dB divergence around 375 Hz 
reveals that plaster couplant over predicts in comparison to the others. It is important to note, 
that “Blu-tack”, which is not referred in standards performs very similarly to beeswax, which 
is said to be a reliable couplant. The 5mm “Blu-tack” σ throughout the entire frequency range 
is 0.38 dB (all σ are presented on the plot’s label). 
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3.2 Vertical alignment offset 
Cross-axis sensitivity (transverse sensitivity) is the measure of error on the signal produced 
by a transducer if it is vibrated at the right-angle to its working axis. The specification of the 
transducers used for the tests shows the transverse sensitivity error to be less than 5 %. 
It is often quoted that transducer tilt is to be kept to a minimum to avoid introducing another 
variable. [12] claims that “The sensor must be nearly level”, but failing to specify the degree 
of nearly. [3] states that below 60 Hz amplitude distortion is more influ nced by the vertical 
alignment of the transducer than it is to the coupling mechanism. To investigate the effect on 
the sensitivity misalignment, three transducers, each vertically aligned at a different angle, 0° 
10° and 20°, were placed on the same slab equidistant from the source. 
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A coherence function was used to investigate if there are internal flaws or difference in slab’s 
concrete structure, where the transducers were placed. It is worth noting that when plastering 
a surface small gaps can be left at the junction between structures which may compromise 
the coupling. 
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Figure 4 shows up to 200 Hz the vibration spectra for all different tilting angles behave very 
similar < 3 dB. Above 200 Hz the transducer placed at 20° is not reliable. The transducer at 
10°behaves within an acceptable deviation. 
 
3.3 Sensor planting Mechanism 
To investigate the ground-to-transducer planting mechanism, four techniques were selected. 
The buried transducer method, which is considered by a vast number of experts as the method 
that minimises ground coupling distortion. This method consists of boring a cavity with 
suitable dimensions, allowing the sensor to fit leaving the top of the vertical axis at ground 
level. In order to minimise the risk of disturbance and also ensure good coupling with the 
ground, the pit should be refilled with the excavation soil and then hand-tapped around the 
sensor. 
The spike method, which is the most common used method for ground vibration surveys, 
consists of a small transducer mounting disc welded to a steel spike. The spike is to be driven 
fully into the ground vertically. There are different recommendations for the shape and size of 
the spike. For this study two different spikes were produced: a 250 mm long round stainless 
steel spike (O-Spike) with a 30 mm diameter following the recommendations of [7] and [9]; 
and a 500 mm cross spike (X-Spike) following the recommendation of [8]. [3] found that the 
damping and resonance frequency was directly proportional to the length of the spike. This 
was attributed to an increasing surface area in contact with the ground. For a spike of 120 
mm, [3] found the resonance frequency to be around 650 Hz. If this is the case then both 
commissioned spikes are fit for purpose. 
Fixed slabs and portable small slabs were also tested. Although not recommended by some, it 
is common practice to use small slabs as a base for small light transducers, changing their 
mass and enabling ground coupling. In some situations, such as where the site is floored with 
fixed slabs, these become unavoidable. On this experiment different types of slabs were used 
to quantify the impact it has on the coupling system. Plaster direct on the soil was also tested. 
The loose soil and vegetation was removed prior to the pouring of dental plaster. 
 
3.3.1 Site 1 
Plots below were selected for their clarity but are representative of the results obtained 
throughout the tests. Figure 5 shows the four resulting spectra from each of the chosen 
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Figure 4 – “RSDC” relating the spectrum differences of 10° and 20° to 0° 
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spike. This was attributed to an increasing surface area in contact with the ground. For a 
spike of 120 mm, [3] found the resonance frequency to be around 650 Hz. If this is the case 
then both commissioned spikes are fit for purpose. 
Fixed slabs and portable small slabs were also tested. Although not recommended by some, 
it is common practice to use small slabs as a base for small light transducers, changing their 
mass ameliorating ground coupling. In some situations, such as where the site is floored with 
fixed slabs, these become unavoidable. On this experiment different types of slabs were 
used to quantify the impact it has on the coupling system. Plaster direct on the soil was also 
tested. The loose soil and vegetation was removed prior to the pouring of dental plaster. 
3.3.1 Site 1 
Plots below were selected for their clarity but are representative of the results obtained 
throughout the tests. Figure 5 shows the four resulting spectra from each of the chosen 
ground-to-transducer coupling mechanisms, where the input signal is the resulting ground-
borne vibration induced by a passing train, in this case a Class 153. The buried transducer 
and the O-Spikes yield similar spectra. In comparison to other coupling systems the X-Spike 
under predicts the vibration level. With the exception on Site 2, where the X-Spike did not 
under predict within f quen i s around 250 Hz (see Figure 13 dark and light blue), this trend 
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ground-to-transducer coupling mechanisms, where the input signal is the resulting ground- 
borne vibration induced by a passing train, in this case a Class 153. The buried transducer and 
the O-Spikes yield similar spectra. In comparison to other coupling systems the X-Spike 
under predicts the vibration level. With the exception on Site 2, where the X-Spike did not 
under predict within frequencies around 250 Hz (see Figure 13 dark and light blue), this trend 
was consistent for all the 46 different passing trains measured at both sites tested. This could 
be seen as the adequate mounting system. However, buried transducer response will be 
chosen as the reference, since it is agreed by the majority of experts as the method that yields 
the best results. Figure 6 shows the relative effect of different ground coupling systems, where 
each system is directly compared with the others. The resulting spectra of plastered and buried 
transducers diverge (light blue) by up to 10 dB between 350 Hz to 500 Hz. O-Spike and 
buried transducer performance (black) converge up to 400 Hz. If not for the divergence 
around 150 Hz to 200 Hz the X-Spike would yield an adequate spectrum in comparison to the 
buried system. 
 
 
In Figure 7 the spectra are directly compared. Each curve describes the relationship that each 
ground coupling system has with the buried ground coupling system’s resulting spectrum. 
Vibration induced by different sets of passing trains (to allow for non linearity) is used to 
derive the RSDC. Figure 7 reveals a similarity between the O-Spike and the buried 
transducer’s performance, with a maximum deviation of 3 dB between 5 Hz and 450 Hz. The 
legend values show the average amplitude deviation in dB. 
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Figure 6 – SADC relating the 4 different 
spectra on Figure 5. 
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Figure 7 – Four “RSDC” showing the relative effect of different ground coupling systems for 
site 1 location A. 
3.3.2 Site 2 
On site 2, the good correlation between the buried and O-Spike spectra no longer holds. As 
seen in Figure 8 (dark blue), there is more affinity between the two spike’s performances, 
producing almost the same spectrum up to 300 Hz, where deviation is kept within 3 dB. The 
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3.3.2 Site 2 
On site 2, the good correlation between the buried and O-Spike spectra no longer holds. As 
seen in Figure 8 (dark blue), there is more affinity between the two spike’s performances, 
producing almost the same spectrum up to 300 Hz, where deviation is kept within 3 dB. The 
buried and O-Spike performance, which proved to be similar in the previous site, yields an 
average deviation greater then 12 dB. The reason for this may be that the stiff dense granular 
soil showed to be adverse for a proper burying of the transducer. There is the likelihood that 
the transducer failed to sit perfectly on the cavity’s base and that the type of soil compromised 
the refilling of the cavity, allowing the transducer to sway. However, the figure shows (black 
line) that the coupling system can compromise the vibration measurement up to 20 dB in a 
100 Hz wide band centred on 180 Hz. 
 
 
 
A second visit to the site allowed some corrections. The base of the cavity was plastered in 
the same way as the first; also two buried transducers were assessed simultaneously. Still, the 
results showed poor correlation between the buried transducer and the O-Spike. The direct 
comparison between buried transducers (Figure 9) revealed an inconsistency between them. It 
can be that the burying of a transducer in this type of ground is difficult to achieve. 
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buried and O-Spike performance, which proved to be similar in the previous site, yields an 
average deviation greater then 12 dB. The reason for this may be that the stiff dense 
granular soil showed to be adverse for a proper burying of the transducer. There is the 
likelihood that the transducer failed to sit perfectly on the cavity’s base and that the type of 
soil compromised the refilling of the cavity, allowing the transducer to sway. H wever, the 
figure shows (bla k line) that the coupling system can compromise the vibration 
measurement up to 20 dB in a 100 Hz wide band centred on 180 Hz. 
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Figure 8 – “RSDC” relating the different ground mounting systems for site 2 location A 
 
A second visit to the site allowed some corrections. The base of the cavity was plastered in 
the same way as the first; also two buried transducers were assessed simultaneously. Still, 
the results showed poor correlation between the buried transducer and the O-Spike. The 
direct comparison between buried transducers (Figure 9) revealed an inconsistency between 
them. It can be that the burying of a transducer in this type of ground is difficult to achieve.  
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Figure 9 – 2 buried transducer (0.5 m apart) “RSDC”. 
3.3.3 Slabs 
A comparison between 3 similar fixed concrete slabs was conducted using an O-spike (since 
the system is portable and easy to implement) as the reference mechanism. These slabs are 
500 mm wide and 3 meters long. Figure 10 illustrates how different fixed slabs can perform 
when placed between the ground and transducer. 
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3.3.3 Slabs 
A comparison between 3 similar fixed concrete slabs was conducted using an O-spike (since 
the system is portable and easy to implement) as the reference mechanism. These slabs are 
500 mm wide and 3 meters long. Figure 10 illustrates how different fixed slabs can perform 
when placed between the ground and transducer. 
 
 
The same method as above was used to compare 3 different portable slabs. These slabs are: 
“Big-Slabs” – 450 mm square 35 mm thick, weighing 20 kg; “Mid-slab” – 55 mm by 130 mm 
by 45 mm, weighing 8 kg; “Small-Slab” – 300 mm by 100 mm by 65 mm, weighing 2 kg; 
Figure 11 illustrates how different slabs perform when used as a transducer’s base support. 
There were some difficulties in the mounting of the “Big-slab” due to its large base area; this 
might have compromised the quality of mounting. The likelihood that the slab’s entire surface 
did not couple to the ground totally, and might explain the over prediction seen in Figure 11 
(blue).  
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Figure 10 – Comparison of slabs performance through “RSDC” referenced to O-Spike. 
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130 mm by 45 mm, weighin  8 kg; “Sm ll-Slab” – 300 mm by 100 mm by 65 mm, weighing 
2 kg; Figure 11 illus rates how different slabs perform when used as a transducer’s base 
support. There were some difficulties in the mounting of the “Big-slab” due to its l rge b se 
area; t is might have compromised the quality of mounting. The likelihood that the slab’s 
entire surface did not couple to the ground totally, and might explain the over prediction seen 
in Figure 11 (blue). 
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Figure 11 – Comparison of slabs performance through “RSDC”  
3.3.4 Linearity 
Comparison on how coupling mechanisms relate their performance at different vibration 
levels was done using four different resulting vibration spectra to generate “RSDCs”. The 
selected input signals were the resulting ground-borne vibration from: a freight train 
locomotive Class 66, producing an un-weighted overall level, within the frequency range of 
interest, of 111 dBw (ref 10-6); Class 222 (overall level of 97.6 dBw); Class 156 (overall level of 
94.7 dBw) and force excitation using the sledgehammer blow (overall level of 91 dBw).  
A high divergence on the resulting spectra was found when comparing the slab to buried 
coupling mechanism (Figure 12 left), where a 20 dB impact can be seen, between 200 Hz 
and 350 Hz, due to different induced vibration characteristics. This shows the big impact that 
vibration characteristics have on the ground coupling mechanisms. The mechanism that 
showed to be less affected was the O-Spike. However, it still was found to be highly non-
linear, as seen in Figure 12 right. 
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3.3.5 Location 
To assess the degree of impact that the mounting locations have on the ground-transducer 
coupling performance, each site was tested at two nearby locations, less then 5 m apart. At 
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Figure 10 – Comparison of slabs performance through “RSDC” referenced to O-Spike. 
 
The same method as above was used to compare 3 different portable slabs. These slabs 
are: “Big-Slabs” – 450 mm square 35 mm thick, weighing 20 kg; “Mid-slab” – 55 mm by 
130 mm by 45 mm, weighing 8 kg; “Small-Slab” – 300 mm by 100 mm by 65 mm, weighing 
2 kg; Figure 11 illustrates how different slabs perform when used as a transducer’s base 
support. There were some difficulties in the mounting of the “Big-slab” due to its large base 
area; this might have compromised the quality of mounting. The likelihood that the slab’s 
entire surface did not couple to the ground totally, and might explain the over prediction seen 
in Figure 11 (blue). 
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Figure 11 – Comparison of slabs performance through “RSDC”  
3.3.4 Linearity 
Comparison on how coupling mechanisms relate their performance at different vibration 
levels was done using four different resulting vibration spectra to generate “RSDCs”. The 
selected input signals were the resulting ground-borne vibration from: a freight train 
locomotive Class 66, producing an un-weighted overall level, within the frequency range of 
interest, of 111 dBw (ref 10-6); Class 222 (overall level of 97.6 dBw); Class 156 (overall level of 
94.7 dBw) and force excitation using the sledgehammer blow (overall level of 91 dBw).  
A high divergence on the resulting spectra was found when comparing the slab to buried 
coupling mechanism (Figure 12 left), where a 20 dB impact can be seen, between 200 Hz 
and 350 Hz, due to different induced vibration characteristics. This shows the big impact that 
vibration characteristics have on the ground coupling mechanisms. The mechanism that 
showed to be less affected was the O-Spike. However, it still was found to be highly non-
linear, as seen in Figure 12 right. 
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Figure 12 – SADC dependent on input vibration characteristics, left: relationship between 
slab and buried transducer, right: O-Spike and buried transducer. 
3.3.5 Location 
To assess the degree of impact that the mounting locations have on the ground-transducer 
coupling performance, each site was tested at two nearby locations, less then 5 m apart. At 
Site 1 there is less resulting spectral deviation than for Site 2, (almost 10 dB difference 
around 170 Hz and 400 Hz, difference between light and dark blue lines on Figure 13). Two 
reasons may be attributed to this; the soil characteristics vary to a greater degree at Site 2 
than it does at Site 1, meaning that the ground structure is affecting the behaviour of the 
coupling mechanism. The second reason can be attributed to the nature of the wave front 
that impinges on the coupling device. Because the planting locations at site 2 were nearer to 
the track, more p-waves and s-waves (dispersive waves) are present in comparison to 
Rayleigh waves (non-dispersive wave) which decrease with distance at a lower rate. Thus a 
greater change in characteristics of the wave front can be produced at site 2 when the 
transducers are moved 4 m (from location A to B) than at site 1 where almost only Rayleigh 
waves are present. 
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Figure 13  – “RSDC” comparing the behaviour between spikes at different locations. 
4 Conclusions 
Analysis carried out demonstrated that for long wavelength vibration where the motion of 
interest is the same as the predominant vibration such as ground-borne vibration where 
almost 70 % of the energy is transmitted through Rayleigh-waves, cross axis deviation up to 
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Site 1 there is less resulting spectral deviation than for Site 2, (almost 10 dB difference around 
170 Hz and 400 Hz, difference between light and dark blue lines on Figure 13). Two reasons 
may be attributed to this; the soil characteristics vary to a greater degree at Site 2 than it does 
at Site 1, meaning that the ground structure is affecting the behaviour of the coupling 
mechanism. The second reason can be attributed to the nature of the wave front that impinges 
on the coupling device. Because the planting locations at site 2 were nearer to the track, more 
p-waves and s-waves (dispersive waves) are present in comparison to Rayleigh waves (non-
dispersive wave) which decrease with distance at a lower rate. Thus a greater change in 
characteristics of the wave front can be produced at site 2 when the transducers are moved 4 
m (from location A to B) than at site 1 where almost only Rayleigh waves are present. 
 
 
 
 
4 Conclusions 
Analysis carried out demonstrated that for long wavelength vibration where the motion of 
interest is the same as the predominant vibration such as ground-borne vibration where almost 
70 % of the energy is transmitted through Rayleigh-waves, cross axis deviation up to 10 % 
does not compromise the measurement. “Blu-tack” was revealed to be a suitable couplant for 
outdoor vibration assessments where the weather, especially heat, can compromise the use of 
beeswax. The second part of the study, which analysed the degree of sensitivity of the four 
most commonly used coupling mechanisms, demonstrates that the decision on the coupling 
system can influence measurements up to 20dB within a 100Hz bandwidth. The significance 
of the non-linearity on the coupling system’s performance was shown; it was verified that 
coupling system’s performance varies greatly with the input vibration characteristics and 
transducer mounting location. 
This research revealed the degree of difficulty there is in identifying a trend that can 
characterise the use of any of the assessed coupling mechanisms, especially when different 
ground types are considered. However, most environmental assessments only deal with 
frequencies up to 50 Hz, where the coupling system performances yield little impact. 
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ABSTRACT 
In the planning stages for new buildings or transit systems, the effects of railway induced 
ground-borne vibration need to be considered. The propagation of vibration from the ground 
to a receiving room is a complex problem. It is common practise, within vibration assessment, 
for the buildings vibration response to be acquired empirically by ether measuring the 
response of the building in question via an impact method, measuring the response on an 
equivalent type of building, or using pre existing published data (from the 70s and 80s) to 
derive a ground to building transfer functions. This paper compares, as a method of evaluating 
a building transfer function, impact method with actual rail pass-bys and recently collected 
response with published generalised response curves. The results presented suggests that, 
when using the impact method excitation process (point source), the distance of impact 
location to the building foundation is critical, drastically affecting the resulting transfer 
function. In addition when using train pass-bys as the excitation process, train length is shown 
to have an influence on the transfer function assessed. The pre-published data are also shown 
to have limitations for more recent types of construction. 
Keywords: Rail, Vibration, Building, Transfer-Function 
 
1 INTRODUCTION 
Railway induced ground-borne vibration, is the most common and widespread source of 
perceptible environmental vibration. Whenever vibration levels exceed certain thresholds they 
may interfere with specific human activity as well as impact on vibration-sensitive devices 
(e.g. optical microscopes, hard drives). Vibration propagating through a building’s structure 
can also cause ‘structure-borne noise’ (also referred as structural or radiated noise), this often 
occurs when imperceptible levels of ground-borne vibration set the building surfaces (e.g. 
walls, floors and other structural surfaces) into motion, which in turn cause an audible rumble 
sound in the frequency range 25 to 250 Hz, and secondary effects from rattling fixtures and 
fittings. This in addition may affect human activity and give rise to general annoyance and 
sleep disturbance. 
When proposing new railways, alterations to existing routes, operational changes next to built 
up areas, or new buildings adjacent to the track it is good practice (and in some cases 
mandatory) to undertake an Environmental Impact Assessment targeted at estimating the 
degree of vibration (or ground-born noise) to which occupants (or sensitive equipment) may 
be subjected. In order to assist this process the procedure is typically broken down into three 
sub-systems: source (train’s structure and the track-form); path (vibration propagating through 
the ground); and receiver (building structure and/or its elements). 
The degree to which railway induced ground-borne vibration impacts on sensitive receptors is 
highly dependent on the characteristics of the impinging vibration, building foundations, and 
their structure and form (i.e. a function of the specific design and the materials used). Due to 
the complexity of the problem, existing methods for determining building response to train 
induced vibration are largely empirical in nature, mainly expressed in the form of transfer 
functions (TF), describing the change in level that vibration undergoes at the intersection of 
two components (e.g. ground to foundation coupling). It is common practise for these TF to 
be evaluated by measuring directly on the building being assessed; or, in the case where the 
assessment is being performed at the scoping stage before construction, either by measuring 
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on a similar building or by using case history information available (e.g. pre existing 
published data). However, there is very little pre-published case data available; with relevant 
guidance predicated on measurements taken in North American in the 70s and 80s. 
Commonly, when measuring building response for the case where a new railway line is 
proposed, empirical assessments are carried out using an impact force as the excitation 
mechanism. As presented by Bovey (1983), impacting the ground with a load of a few kg 
yields enough energy to create a pulse like function (which approximates the Dirac delta 
function) that radiates spherically outward into the far field; this is a point source excitation 
method and commonly referred as impact-test. Nevertheless, depending on the distance 
between the track and the receptor, a train as an excitation mechanism can be best represented 
as a line source as proposed in FTA (2006). This paper will look into the consequences of 
using a point source excitation process when emulating a train induced TF by directly 
comparing the impact force method (using a sledgehammer) to a train pass-by induced 
transfer function. It will compare and verify some of the results obtained herein with previous 
published studies. The paper initially presents a review on relevant guidance for building 
vibration response then presents field data that shows the affect of trains against impact 
vibration assessment. It then presents data that shows the excitation within a building. 
 
2 BUILDING RESPONSE TO VIBRATION 
As vibration passes from open ground, (free field) into a building (effectively from one 
medium to another) a change in vibration magnitude (and/or phase) will occur as the 
incoming signal becomes modified by either the boundary (foundation surface) or the 
different characteristics of the new medium (e.g. density) causing a rise or decay in vibration 
levels as a function of frequency. ANC (2001) states that, in general, vibration levels appear 
to reduce by up to 60% from free-field to foundation. However, due to significant variation in 
ground condition, foundation type, building construction and design ANC (2001) recognises 
that an overall value quantifying the expected change in level becomes unreasonable to 
suggest. Nevertheless, predicating on the fact that the buildings are considered less stiff in the 
horizontal direction, ANC (2001) puts forward a descriptive representative response, stating 
that a greater reduction in vibration between the ground and building is expected for vertical 
oscillation as opposed to horizontal oscillation and also refers to the likely amplification of 
vibration from edge to the centre of a room floor (due to relative stiffness). Further to this, it 
has been suggested (Dawn and Stanworth 1979) that swaying of buildings may occur if the 
width of the building corresponds to n-1/2 vibration wavelength; and, if the swaying coincides 
with the natural frequency of the building, amplification may occur. The natural frequency for 
the average dwelling is below 10 Hz (ISO 4866:2010), which is in the same resonant 
frequency range as what are described as loose soils and within the range of train induced 
vibration, thus resonance effects are expected. 
Due to this complexity, some guidance (e.g. FTA (2006) and Nelson (1987)) describe 
structural response empirically, adopting measured data taken from published reports and 
expresses the expected vibration level change against 1/3 octave-band frequencies for 
different types of building. Based on work by Wilson (1971) and Saurenman et al. (1982) 
both Nelson (1987) and FTA (2006) proposes a generalised set of identical empirical curves 
for foundation response based on a building’s foundation type, structure and size. These 
curves suggest that for typical residential buildings, on spread footings up to 4 stories high, 
vibration levels can be attenuated by as much as 12 dB around the 63 Hz 1/3 octave-band. 
The curves also show that the degree of vibration attenuation follows the general rule quoted 
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in FTA (2006) “the heavier the building construction the greater the coupling loss”. It is also 
accepted that for building slabs in contact with the ground (slab-on-grade foundation) the 
floor will be subjected to similar vibrations as the ground, and the coupling loss is 0 dB for 
frequencies lower than the resonant frequency of the slab (Nelson 1987). Moreover, according 
to Kurzweil (1979) the coupling loss for lightweight buildings or for a building supported 
directly on rock is also 0 dB. 
Once the vibration has reached the foundation it will propagate through the building’s main 
structure (e.g. load-bearing external walls, structural columns, floor slabs etc...), typically 
losing a small portion of its energy. For the expected attenuation values per floor (as vibration 
is transmitted from floor to floor) FTA (2006) suggest an amplitude decrease of 1 to 2 dB per 
floor (i.e. 2 dB for the first 5 floors and 1 dB for the next 5 floors). Similarly, based on the 
work reference Nelson & Saurenman (1983), Nelson (1987) gives attenuation values ranging 
from 2 to 5 dB over the frequency range 16 to 250 Hz (3 dB is quoted when using a single 
figure for the attenuation from floor to floor). Equally, similar figures of 3 dB attenuation are 
reported by Ishii and Tachibana (1978) at lower floors and 1dB attenuation at upper floors. 
Ungar and Bender (1975) also give a reduction of 3 dB between each floor (at lower 
frequencies). However, Dawn and Stanworth (1979) showed that there can be large variation 
in the vibration levels as well as in the frequency content between two floors within a 
building. 
The vibration travelling through the main structure will then propagate, either directly or 
through the supporting beams, into the building internal elements such as lightweight 
construction studwork walls (e.g. plywood, gypsum-board), where different parts of the 
building will damp or magnify the vibration. A building internal construction such as the 
walls, floor and ceiling, have the potential of amplifying vibration if the resonance of the 
structure coincides with the frequency of the induced vibration at the point of entrance to the 
structure. The difficulty in anticipating the response of the internal construction is due to the 
fact that typically these structures vary significantly in stiffness, mass and damping which 
significantly impacts on both magnitude and frequency of the structure’s response. According 
to Nelson (1987), the amplification at a room floor is in the region of 5 to 15 dB for the 
frequency range 16 to 80 Hz. It is common for the floor to amplify vibration within the 10 to 
30 Hz frequency range because the floor resonance frequency coincides with the peaks of the 
vibrations induced by trains. For a general vibration assessment, FTA (2006) recommends a 6 
dB adjustment at its fundamental resonance frequencies. 
From the above it can be seen that relevant guidance documents such as ANC (2001), Nelson 
(1987) and FTA (2006) predicate on limited published data, mainly from Nelson & 
Saurenman (1983) and Ishii and Tachibana (1978) which largely reflects the older North 
American construction types which may not be applicable elsewhere. Moreover, construction 
methods have recently changed significantly, especially the internal structures where 
lightweight construction is increasingly being adopting (e.g. gypsum board walls and 
ceilings). Thus, further updated data reflecting regional construction trends is now required 
for effective vibration assessment. In addition there appears some discrepancy between 
suggested levels of attenuation between floors from different authors. 
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3 TRANSFER FUNCTION AQUISITION METHODOLOGY 
The first part of the investigation (Section 3) addresses the degree of compatibility between 
the two main excitation processes commonly used when measuring a ground-to-building TF. 
This is done by directly comparing the impact-test induced TF, using a sledgehammer (where 
the signal emitted is characterised as point source of a transient nature), to rail pass-by 
induced TF, using different types of trains (where the signal emitted is conventionally 
characterised as a line source of a non-stationary nature). 
TFs, herein, reflecting the change in magnitude (phase is not considered) were computed as 
such: 
     Equation 3.1 
Where GBB, representing the system’s output, is the power-spectrum measured at the structure 
being evaluated (e.g. bedroom floor) and GAA, representing the system’s input, is the power- 
spectrum measured at the ground in front of the building facing the rail track (assumed to be 
the signal entering the building or the element being evaluated). The resulting |H ( f )| is then 
recombined into 1/3 octave-bands. 
The effective frequency range of each TF is a function of signal-to-noise ratio of both 
measured GAA and GBB signals. Thus, the effective frequency range is dependent of the 
distance from transducers to excitation system, soil characteristics and, most significantly, the 
excitation process induced vibration characteristics (e.g. the spectral frequency range). 
All TF presented throughout Section 3 were evaluated based on simultaneous measurements 
in the vertical orthogonal direction (i.e. z-axis) which is the dominant direction at the ground 
when considering rail induced vibration at a distance. For the ground-to-building, TF 
transducers were located, according to (ISO 4866:2010), at a lower point on the main load- 
bearing external wall close to the ground (representing the foundation’s response) facing the 
rail track, and approximately 2 metres from the foundation (representing the free field 
response). Since all the buildings used in this test were approximately 10 metres long only 
one measuring position along the load-bearing external wall and the ground was used. 
This paper reports on six cases (scenarios) which can be broken down into two groups 
according to the type of building and rail structure (surface or underground) being assessed. 
The first group consists of detached (or semi-detached) residential buildings adjacent to a 
surface rail track. The dwellings can be characterised as 2 story brick buildings on strip 
footings with a ground bearing floor slab having the dimensions of approximately 10 by 7 
metres. The second group comprises 3 story brick terraced buildings, supported also on strip 
footings with a ground bearing floor slab (no basement) close to an underground track. On 
Section 3 (comparing TF excitation methods) only the first group was considered. 
 
3.1 COMPARING TF EXCITATION METHODOGY 
The representative train pass-by induced TF (referred in the following figures as “Train 
induced”) is the resulting average of seven individual rail pass-by induced TFs. The error bar 
(represented by the black i-beam) illustrate and compares the spread of data at each 1/3 octave 
band. All representative impact (sledgehammer) induced TF result from the average of 10 
impacts (increasing the signal-to-noise ratio by approximately 12 dB), all shown to have very 
small degree of data spread. 
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measured GAA and GBB signals. Thus, the effective frequency range is dependent of the 
distance from transducers to excitation system, soil characteristics and, most significantly, the 
excitation process induced vibration characteristics (e.g. the spectral frequency range).  
All TF presented throughout Section 3 were evaluated based on simultaneous measurements 
in the vertical orthogonal direction (i.e. z-axis) which is the dominant direction at the ground 
when considering rail induced vibration at a distance. For the ground-to-building, TF 
transducers were located, according to (ISO 4866:2010), at a lower point on the main load-
bearing external wall close to the ground (representing the foundation’s response) facing the 
rail track, and approximately 2 metres from the foundation (representing the free field 
response). Since all the buildings used in this test were approximately 10 metres long only 
one m asur g position along the load-bearing ex rnal wall and the ground was used. 
This paper reports on six cases (scenarios) which can be broken down into two groups 
according to the type of building and rail structure (surf ce or underground) being assessed. 
The first group consists of detached (or semi-detached) residential buildings adjacent to a 
surface rail track. The dwellings can be characterised as 2 story brick buildings on strip 
footings with a ground bearing floor slab having the dimensions of approximately 10 by 7 
metres. The second group comprises 3 story brick terraced buildings, supported also on strip 
footings with a ground bearing floor slab (no basement) close to an underground track. On 
Section 3 (comparing TF excitation methods) only the first group was considered. 
 
3.1 COMPARING TF EXCITATION METHODOGY  
The representative train pass-by induced TF (referred in the following figures as “Train 
induced”) is the resulting average of seven individual rail pass-by induced TFs. The error bar 
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Figure 3.1: Case A, comparison of excitation process using ground to foundation TF 
 
Case ‘A’ (Figure 3.1) consists of a recently built dwelling, 25 metres from a railway on 
embankment. Only class 158 ‘Express Sprinter’ (two vehicles train) induced vibration were 
used as the excitation mechanism when inferring the TF represented by the blue line in 
Figure 3.1. 
 
 
Figure 3.2: Case B, comparison of excitation process using ground to foundation TF 
 
Case ‘B’ (Figure 3.2) consists of a dwelling, 60 metres from the rail track. Pass-by induced 
vibration generated by class 43 HST (10 car), 91 (10 car), 222 ‘Meridian’ (5 car), 142 ‘Pacer’ 
(2 car) and 185 ‘Pennine’ (3 car) trains were used to represent ‘Train induced’ TF in 
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(represented by the black i-beam) illustrate and compares the spread of data at each 1/3 octave 
band. All representative impact (sledgehammer) induced TF result from the average of 10 
impacts (increasing the signal-to-noise ratio by approximately 12 dB), all shown to have very 
small degree of data spread.  
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Figure 3.3: Case C, comparison of excitation process using ground to Foundation TF 
 
Case ‘C’ (Figure 3.3) consists of a dwelling located 25 meters away from the rail track. Pass- 
by induced vibration generated by classes 43 HST, 222 ‘Meridian’, 170 ‘Turbostar’ (3 cars) 
and 158 ‘Express Sprinter’ (2 car) trains were used to represent ‘Train induced’ TF in 
Figure 3.3. 
For Case ‘A’ the difference observed (in Figure 3.1) between the impact-test (green line) and 
the train induced TF (blue line) suggest that the impact-test induced TF misrepresents the 
train induced TF by as much as 10 dB within the 25 to 125 Hz frequency range. For this site 
(Case ‘A’), due to accessibility restrictions, 7m was the maximum distance for which impact- 
tests could be undertaken. Figure 3.2 and 3.3 (case ‘B’ and ‘C’ respectively) suggests that the 
impact induced TF approximates the train pass-by induced TF as distance increases 
(excitation to measuring point). 
The discrepancies observed between the impact-test and train pass-by TF can be attributed to 
the types of wave-front that each of the two excitation methods produce. The train (seen as a 
line source) yields a cylindrical surface wave where its wave-front, which approximates a 
plane wave, strikes the building foundation being measured homogeneously (as illustrated in 
Figure 3.4 left), with approximately the same magnitude throughout. The impact-test (seen as 
point source) yields radial cylindrical surface wave, where its arch shape wave-front impinges 
on the building’s foundation being measured unevenly; thus less contribution at the measuring 
point (assuming the transducer is located midway as seen in Figure 3.4 right) from vibration 
entering the extremes of the foundation. 
 
Figure 3.4: wave-front striking the building’s foundation; left pass-by induced, right 
impacting the soil 
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Based on the fact that any point source resulting wave-front approaches a plain wave-front as 
distance increases, a critical distance (as a function of the building footprint) should be 
considered when emulating the building’s response to rail induced vibration through the 
impact method. However, in high density urban areas the critical distance may be impractical 
due to obstruction and/or access; furthermore the resulting energy from an impact-teat also 
needs to be reconsidered when attempting to excite the building’s structure from a distance as 
sufficient impact energy may not reach the building. 
When examining the spread of data presented in the figures above the error bars in Figure 3.1 
(Case ‘A’) shows some consistency between all TFs that makeup the representative “Train 
induced” TF. However, according to the error bars in Figure 3.2 some frequency bands show 
more consistency than others. When comparing Figure 3.1 to Figure 3.3, the error bars 
suggest more consistency between all TFs that makeup the averaged TF in Figure 3.1 where 
only one class of trains was used than it does for Figure 3.3. This suggests that different class 
of trains, as an excitation mechanism, yield different TFs. The following section considers 
this further. 
 
3.2 TRAIN SIZE IMPACT ON THE RESULTING TF 
When isolating each individual TF that make up the average for case ‘C’ (Figure 3.3), it was 
found that the length of the train was the most significant characteristic contributing to the 
deviation from the mean presented in Figure 3.3. 
 
 
Figure 3.5: Ground to bedroom ceiling TF as a function of train length measured at site C. 
 
Figure 3.5 shows three ground-to-bedroom ceiling TF, each induced by a different size train. 
Although each train induces a different TF there is a large discrepancy between the TF 
derived using a 400 m long train in comparison to the other two shorter trains. 
For this study, the response of a bedroom’s ceiling to the incoming rail induced vibration 
(measured on the ground) was chosen since it strengthens the discrepancy as a function of 
train length, as seen in Figure 3.5. Nevertheless, at the foundation the deviation between TF, 
as a function of train length, was also observed, however, not to such significant levels. 
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As a way of investigating the inconsistency observed in Figure 3.5, the degree of linear 
relationship between the input and the output was analysed through the coherency 
function, γxy2 , defined by the equation: 
   Equation 3.2 
Effectively the analysis will expose the degree to which the signal measured at the bedroom 
ceiling (system’s output) is a function of the signal measured at the ground (system’s input). 
This function ranges from 1 to 0 where 1 represents total coherence (or correlation) between 
the input and output signal, and 0 no correlation. 
 
Figure 3.6: coherence analysis expressing the correlation between the measured data at the 
ground and bedroom ceiling for each excitation signals. 
 
For train pass-bys, Figure 3.6 suggests that not all dynamic activity measured at the receiver’s 
location (i.e. bedroom ceiling) is a result of the dynamic activity measured at the ground. This 
phenomenon especially applies for long pass-bys (see Figure 3.6 Freight; 400m), where a 
large portion of its resulting vibration simultaneously enters the building through a number of 
alternative routes without necessarily all passing through the ground’s measuring position. As 
for the case of a sledgehammer impact (Figure 3.6 Impact test) close to the transducer (5m) 
the resulting vibration which excites the ceiling is captured in its entirety at both measuring 
points. 
Effectively this suggests that for standard train induced vibration TF evaluation based on 
simultaneous measurements at two points, (where one point represents energy at the input and 
the other at the output) is open to inconsistencies. However, for practical reasons this study 
suggests that when considering train length up to approximately 180m the method can be used 
without compromising the TF to an unreasonable degree as shown in Figure 3.5 by the good 
agreement of TFs from shorter trains. 
 
4 BUILDING ELEMENT RESPONSE TO RAIL INDUCED VIBRATION 
This section presents and compares ‘ground’-to-‘building element’ TF measured on different 
buildings with similar characteristics. The internal structure response of lightweight 
construction (such as wooden suspended floors) is effectively what determines the degree of 
impact that a sensitive receptor is subjected too. 
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The TFs presented herein were determined by simultaneous measurement as before. Apart 
from the wall response, all other measurements reflect the structure’s vertical response. The 
free field to wall TF reflect the wall’s horizontal response to the free field rail induced vertical 
response. Furthermore, due to the deviation observed between different types of excitation 
system the TF presented in this section were derived using passenger trains (60 to 180 meters 
long). 
 
 
Figure 4.1: Structural response of the building (blue line) that houses two bedrooms. a) 
structural elements response of the big bedroom; b) structural elements response of the small 
bedroom. 
 
Figure 4.1 presents the foundation response along with main lightweight construction 
structure response of a semi-detached house adjacent to a surface rail track. Figure 4.1a 
corresponds to a big bedroom of approximately 4 by 5 metres, located on the first floor of the 
dwelling; Figure 4.1b corresponds to a small bedroom of approximately 2.5 by 3.5 metres, 
also located on the first floor of the same dwelling. The wall and ceiling of both rooms used a 
gypsum board type of construction. Although both partitions represented in Figure 4.1b 
(internal and external walls) have the same dimensions (approximately 3.5 by 2.5) the internal 
partition includes a door. Furthermore, the channels supporting the external wall (dash line in 
the figure) are fixed to the main load-bearing brick wall. These two features might explain the 
wall’s response discrepancy observed. 
 
 
Figure 4.2: Structural response of two similar buildings (blue line) along with their bedroom 
structural elements response. 
 
Figure 4.2 exhibits the building foundation response along with the bedrooms (approximately 
3 by 4 metres) partition response located in the first floor of two similar detached dwelling 
(next to a surface track). For both cases the ceiling (red line) is constructed out of 
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(next to a surface track). For both cas s the c iling (red line) is constructed out of 
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plasterboard, supported by wooden joists, the masonry wall (purple line) is approximately 
10 cm thick and the wooden floors (green line) are supported on wooden joists. Case ‘C’ the 
ceiling revealed to be very responsive going down to 8 Hz. However, it ceases to respond to 
the incoming vibration within the 31.5 to 63 Hz region; this can be due to the combination of 
the structures modal behaviour, along with the transducer placement (being placed at an anti- 
node). 
 
Figure 4.3: Structural response of a terraced building (blue line) along with its bedroom 
structural elements response. 
 
Figure 4.3 exhibits the building foundations response along with the bedroom main partition 
response located in the first floor of a terraced dwelling (next to underground track). As 
before, the Figure show that the incoming vibration reduces at the foundation (structure) and 
amplifies at all other internal structures. Here the wooden ceiling response is similar to the 
wooden wall, and in contrast to Figure 4.2 the floor does not respond sharply at a distinctive 
frequency. 
 
 
Figure 4.4: Response comparison, where the dash lines represent terraced dwellings and the 
solid line represents detached dwellings. a) comparing foundation response; b) comparing 
bedroom floor response (ground to floor) 
 
Figure 4.4a presents a direct comparison of free field-to-foundation TF, here a general trend 
can be observed even when including both terraced and detached houses. All TF presented in 
Figure 4.4b correspond to wooden floor of similar size of bedrooms (approximately from 3 by 
4 metres to 4 by 5 meters (case A) measured slightly off centre). Although Figure 4.4b shows 
some spread of data there is a spectral trend which can be used to infer a generalised empirical 
curve reflecting the potential vibration that the bedroom floor can be subjected too. As can be 
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construction type, not only in magnitude but also on its resonant frequency, suggesting a 
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seen in Figure 4.1 through to 4.4, the wall’s response varies significantly independently of the 
construction type, not only in magnitude but also on its resonant frequency, suggesting a 
significant degree of unreliability when attempting to map its response to any proposed 
generalised curve. 
 
Figure 4.5: Generalised empirical curves; a) taken from Nelson (1987) and proposed in AFT 
(2006) model building foundation vibration level relative to ground surface vibration level; b) 
range of amplification of vibration due to floor resonance taken form Nelson (1987). 
It can be seen that the measured data representing the ground-to-foundation TF of analysed 
UK dwellings (Figure 4.4a) follows the same spectral trend as the generalised empirical 
curves (Figure 4.5a) proposed in both Nelson (1987) and ATF (2006). However, attending to 
the data spread observed in Figure 4.5a, these typical UK dwellings fail to fit a single class of 
buildings within the Nelson (1987) classifications. Nevertheless their representation could be 
referred to the model presented in ATF (2006) by combining both the ‘single family 
residencies’ and ‘1 to 2 storey commercial building’ classes of buildings into one class; or, if 
adopting a conservative approach, then the upper limit of the ‘single family residence’ (Figure 
4.5a) can be used. 
Although ATF (2006) claims that floor amplification varies greatly depending on construction 
it suggests for its model a 6 dB increase which, according to this study, seems to misrepresent 
the measured UK family dwellings by significant amount as seen in Figure 4.4b which shows 
a response ranging from approximately 10 to 20 dB in the 16 to 64 Hz frequency range. 
Moreover, Nelson’s (1987) floor resonance proposed curve (Figure 4.5b), suggesting an 
amplification ranging from approximately 5 to 15 dB in the 16 to 64 Hz frequency range, also 
misrepresents (approximately by 5 dB) the floor response of the measured UK family 
dwellings. 
 
5 CONCLUSIONS 
This study analyses the process of evaluating building transfer functions comparing the 
impact-test (point source) induced to rail induced (line source) TFs from train pass-bys. It was 
found that the impact-test induced TF can deviate by as much as 20 dB at a 1/3 octave-band in 
relation to the actual rail induced TFs. However this deviation relieved to be a function of 
distance between the impact point and the building. As a way of emulating the rail induced 
transfer function the study suggests that distance between the building and the point of impact 
needs to be considered in accordance to the building’s footprint so as to generate a plane 
wave-front at the building’s foundation. However energy of impact can then become an issue. 
The study also demonstrates the affect that different length of trains have when used as an 
excitation process when evaluating TFs; concluding that very long pass-bys (i.e. freight 
trains) yield an atypical TF in comparison with shorter trains (i.e. passenger trains). This 
study suggests that the generalised empirical curves given in Nelson (1987), which mainly 
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i ificant degre  of unreliability when attempting to map its re ponse to any proposed 
r lised curve.  
 
Figure 4.5: Generalised empirical curves; a) taken form Nelson (1987) and proposed in AFT 
(2006) model building foundation vibration level relative to ground surface vibration level; b) 
range of a plification of vibration due to floor resonance taken form Nelson (1987). 
 
It can be seen that the measured data representing the ground-to-foundation TF of analysed 
UK dwellings (Figure 4.4a) follows the same spectral trend as the generalised empirical 
curves (Figure 4.5a) proposed in both Nelson (1987) and ATF (2006). However, attending to 
the data spread observed in Figure 4.5a, these typical UK dwellings fail to fit a single class of 
buildings within the Nelson (1987) classifications. Nevertheless their representation could be 
referred to the model presented in ATF (2006) by combining both the ‘single family 
residencies’ and ‘1 to 2 storey commercial building’ classes of buildings into one class; or, if 
adopting a con rvative approach, then the upper limit of the ‘single family residence’ (Figure 
4.5a) can be used.  
Although ATF (2006) claims that floor amplification varies reatly depending on construction 
it suggests for its model a 6 dB increase which, according to this study, seems to misrepresent 
the measured UK family dwellings by significant amount as seen in Figure 4.4b which shows 
a response ranging from approximately 10 to 20 dB in the 16 to 64 Hz frequency range. 
Moreover, Nelson’s (1987) floor resonance proposed curve (Figure 4.5b), suggesting  an 
amplification ranging from approximately 5 to 15 dB in the 16 to 64 Hz frequency range, also 
misrepresents (approximately by 5 dB) the floor response of the measured UK family 
dwellings.  
 
5 CONCLUSIONS  
his study analyses the process of evaluating building transfer functions comparing the 
i t-test (point source) induced to rail induced (line source) TFs from train p ss-bys. It was 
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i t ce betwe n the impact point and the building. As a w y of emulating the rail induced 
transfer function the study suggests that distance between the building and the point of impact 
needs to be considered in accordance to the building’s footprint so as to generate a plane 
wave-front at the building’s foundation. However energy of impact can then become an issue. 
The study also demonstrates the affect that different length of trains have when used as an 
excitation process when evaluating TFs; concluding that very long pass-bys (i.e. freight 
trains) yield an atypical TF in comparison with shorter trains (i.e. passenger trains). This 
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reflect US buildings, should be adjusted in order to reflect the UK family dwellings. As for 
ATF (2006) proposed model, this study recommends caution when applying their suggested 
values for the floor response. 
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Abstract 
For new rail schemes, an Environmental Impact Assessment (EIA) is required to estimate the 
impact of vibration and propose mitigation measures. A method widely used for evaluating 
railway vibration mitigation is the detailed design procedures produced by the US Federal 
Transit Administration (FTA). Although used globally it is not widely used in the UK but has 
been specified within some UK light rail schemes. The FTA procedure characterises the 
ground through line source transfer mobility (LSTM), which requires impact tests on the 
ground at multiple points along the proposed route. However, characterising ground dynamic 
behaviour through LSTM is challenging, particularly in urban areas where access to a site to 
undertake measurements can be limited. 
Based on the FTA framework, this paper proposes a simplified methodology based on the 
results of sensitivity analysis of ground dynamic behaviour at ten urban sites within the same 
UK city. It also identifies some of the issues with the use of LSTM method in urban sites; one 
of the findings is that where there are access difficulties, data analysis can be used to 
circumvent issues where a full line of impacts (required by the technique) cannot be obtained.  
 
1 Introduction 
Ground-borne noise and vibration are among the key environmental concerns for urban rail 
systems, such as Light Rapid Transit (LRT). Rail-induced vibration is generated by track-train 
interaction and is transmitted through the ground to adjacent buildings, resulting in vibration 
of the building floors and walls (Figure 1). This causes secondary radiation of sound inside 
the rooms giving rise to general annoyance, discomfort, potential sleep disturbance, 
interference with specific activities or any vibration sensitive devices. 
There has been an increase in the construction of new LRT and urban rail systems in order to 
meet increasing urban transport demand. When proposing new railway systems, it is generally 
mandatory to undertake an Environmental Impact Assessment (EIA) targeted at estimating the 
levels of vibration (and/or ground-born noise) to which sensitive receptors may be subjected. 
At the “detailed design” stage, to support the design and specification of mitigation measures, 
the accuracy of vibration prediction is critical in that its under-prediction may result in an 
unsuitable design, and over-prediction may incur unnecessary costs (i.e. an over-engineered 
solution).  
For EIA, ISO 14837-1 (ISO, 2005) suggests breaking the assessment into three stages 
(scoping, environmental assessment, and detailed design) and recommends that the 
assessment model used to predict impact be appropriate for the rigour required for each stage 
of a scheme. In addition, UK standards do not specify a particular method to assess this. 
Various methods have been used, including averaging a number of impact point tests, 
(normally at one or two test locations), undertaken to establish ground conditions at a 
particular site, coupled with empirical computer modelling. Sometimes past published ground 
response data is used to perform analysis. To date there is little published information in both 
research journals and standards showing results from such tests, but many computer models 
and techniques have been proposed often with little practical validation. 
FTA (2006) proposes an alternative effective procedure to meet the requirements of detailed 
design vibration evaluation. This is widely used on heavy rail systems across the world and 
has been applied to urban rail and LRT. Despite its global use, the FTA method has not been 
widely used in the UK. However it has recently been suggested for use in the evaluation of 
some UK LRT projects. The method characterises the ground through the Line Source 
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Transfer Mobility (LSTM), as a way of evaluating the potential ground response to a dynamic 
line source (such as a rail vehicle).  
Given that the composition and properties of the ground influence the transmission and any 
resulting building vibration from rail vehicles, it is essential to adequately appraise the 
dynamic behaviour of the intervening ground. However, acquiring ground properties that 
adequately describe its dynamic behaviour presents a challenge. This is especially the case 
when assessing LRT vibration impact in urban areas, where the ground through which 
vibration propagates tends to be extremely heterogeneous (see Figure 1), particularly the top 
layer where utility services (e.g. drains and cables, etc.) abruptly fracture the ground’s 
composition.  
 
 
Figure 1 –The source (vehicle/track), path (ground) and receiver (Building) sub-systems. 
 
However, to evaluate vibration effects along a potential route, the full FTA LSTM method 
requires access for testing along the centre of the proposed alignment (extending over the 
proposed rail vehicle length), to perform impact tests. This can be seen as a drawback when 
assessing LRT in dense urban sites, or in public highways (for street running LRT), as this 
may require access along existing highways, entailing disruption of traffic and complex 
logistics to temporarily close roads, incurring additional costs. Therefore, an alternative 
approach is required involving less fieldwork than the full FTA method.  
Based on the FTA ground assessment procedures (i.e. LSTM) this paper presents a study 
aiming to overcome the challenges of suitable site access and data collection by extrapolating 
sets of restricted LSTM measured data. The paper briefly sets out the underlining theories that 
explain the ground’s dynamic behaviour and its assessment within the ISO 14837-1 EIA 
framework. It discusses potential issues of collecting and analysing vibration data for urban 
rail schemes. It then explains how the FTA ground modelling scheme can be used with an 
alternative set of (limited) data. To evaluate the performance of proposed adjustments, a 
sensitivity analysis of data collected at ten urban sites within the same UK city is presented. 
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2 Background Theory 
 
2.1 Ground Response to Vibration 
Emitted vibration from rail systems is highly dependent on ground properties through which 
waves propagate. Vibration travelling through the ground is particularly affected by the 
composition of the ground between the source and receiver. This section briefly sets out the 
underlining theory that explains ground structure dynamic behaviour and its assessment.  
The stress pattern caused by train wheel/rail interaction is transferred to the ground beneath 
and around the vehicle, producing both ground-borne body and surface waves. Body waves 
include shear waves, and compression waves. Surface waves comprise mainly Rayleigh 
waves (r-waves) that can only travel in the vicinity of the surface. Each of these wave types 
are characterised by their motion pattern, affecting their strength and speed in accordance 
with the geological composition. When considering over-ground railways, the r-wave is the 
most relevant wave type, accounting for 67% of the total energy radiated from the point of 
excitation (Miller & Purvey, 1955). 
The soil through which vibration is transmitted causes the wave amplitude to decrease with 
distance due to geometrical spreading, where the rate of decay is a function of source and 
wave type (e.g. considering a surface point source, the r-wave decays exponentially with 
distance); and material damping, which is the loss of energy that the soil offers to the 
propagating wave (yielding a linear decay rate with distance for any source and wave type), 
especially if the soil is a granular material due to the friction between soil grains. Material 
damping can also be expected at the interfaces between soil due to air-pumping and friction 
(of relevance in fractured urban ground). Furthermore, damping can also occur due to 
radiation of vibration from a finite structure into its surrounding medium (Dowding, 1996). 
Hence, in any vibration assessment, isolating these effects and measuring their impact is an 
extremely complex process. Moreover, the ground is usually stratified and possesses 
discontinuities forming layers. In layered ground at the interfaces, (Figure 1), some energy is 
refracted into adjacent layer(s) and some is reflected back. Depending on the density ratio 
between materials and the angle of incidence at the boundary, the velocity of the reflected and 
refracted waves can be greater than that of the incident wave. In layered ground, additional 
modes of vibration can therefore propagate along the interface of layers, and mode conversion 
from one type of wave to another may occur.  
Even though the r-wave only channels energy through the surface, when characterising the 
wave propagation in a layered ground, the r-wave propagation pattern can vary if the sub-soil 
is composed of soil layers having different shear velocities (Towhata, 2008). Depending on 
their wavelength not all waves are capable of propagating. As demonstrated, e.g. Sheng et al. 
(1999), there is a dependency between the wavelength of the propagating wave and the depth 
of the surface layer. This is referred to as the ‘cut-on’ phenomenon, which is a consequence of 
natural wave impeding effects of shallow layers; shallow surface layers tend to act as a high 
pass filter. Evanescent waves, i.e. non-propagating waves, are waves that have a wavelength 
greater than a quarter of the top layer depth (Auersch, 1994). This phenomenon can be used as 
a mitigation solution against track deterioration as demonstrated by Takemiya and Fujiwara 
(1994). 
When considering an urban area, the ground through which vibration propagate tend to be 
extremely heterogeneous, particularly the top layer where utility services (e.g. cables, drains 
and sewers) abruptly fracture the stratum composition of the ground, affecting its material 
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damping properties. This means any vibration assessment should include measurement of 
vibration passing through the same ground as the ultimate source (i.e. along the path of the 
track to the receiver through the intervening ground). 
Due to the complex nature of the problem described above, EIA procedures mainly rely on 
empirical models to evaluate vibration response, especially when assessing the dynamic 
behaviour of the ground on a site to be subject to future railway vibration. The FTA method is 
widely seen as a method that achieves these aims with acceptable accuracy (Avillez et al, 
2013) and is freely available to all consultants working commercially in the area.  
 
2.2 FTA Concept for Assessing Rail-Induced Vibration 
For the “detailed design” stage of a vibration mitigation scheme FTA uses a methodology 
based on the prediction procedure proposed by Nelson and Saurenman (1987). The method 
normalises field-measured vibration velocity level (LV) from a vibration source (e.g. a train) 
at a particular site by removing the soil’s contribution (i.e. measuring and subtracting the 
LSTM from the LV, equation 1) from the resulting vibration. This yields a quantitative 
description of the vibration source alone (i.e. the train and track) as a normalised Force 
Density Level (FDL), which is assumed to be independent of the soil characteristics of the 
intervening ground. The FDL can then be combined with LSTM at another site (where future 
vibration impact is to be assessed) to give a resulting vibration prediction for that site (further 
discussed below).  
FDL = LV - LSTM  (1) 
where  
FDL is expressed in [dB ref N/m0.5]; 
LV is expressed in [dB ref 10-9 (m/s)],  
LSTM, is expressed in [dB ref 10-9 (m/s)/(N/m0.5)].  
 
The procedure requires the various properties to be expressed in 1/3 octave-band as the root 
mean square (RMS) values, assuming all values are expressed in decibels (logarithm domain). 
At the core of LSTM assessment is the impact test, which consists of dropping a weight onto 
the ground and measuring its response at various distances from the impact. From this, a point 
source transfer mobility (TM) can be derived; the LSTM is then inferred by integrating the 
multiple point source transfer mobilities along the line of impacts (Figure 2). Thus, based on 
the assumption that the train can be modelled as an incoherent line source, the ground 
investigation prescribed in the FTA method simply assesses the contribution of the 
intervening ground to the propagation of vibration from a dynamic line source, such as a train 
running along a straight trajectory.  
The FTA method defines the source (FDL) in accordance with where the line of impacts is 
performed. By undertaking the impact tests at the centre line of the location of the proposed 
track, as shown in Figure 2, the evaluated source-term will inherently represent the pass-by 
emitted vibration levels not only as a function of vehicle speed, vehicle dynamics and track 
roughness but also as a function of track-bed design. By doing so, the FDL can be used at a 
specific location, having first acquired its LSTM, to evaluate the vibration levels (LV) from 
the train pass-by at the new location (equation 2). 
LV = FDL + LSTM  (2) 
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3 Line Source Transfer Mobility – Field procedure 
 
3.1 FTA Collecting data methodology 
The FTA “Line of Impacts” field procedure to assess LSTM consists of measuring the ground 
point source transfer mobility (TM) at a set of locations evenly spaced (3 to 6 metres) along 
the track centre line spanning the length of the rail vehicle to be modelled using an impact test 
(Figure 2). Vibration transducers are set out in an array perpendicular to the line of impacts 
(ideally 2 to 7), depending on spatial resolution and/or distance between the source and 
receiver for the site being assessed. A scheme illustrating the LSTM assessment configuration 
used for this study is given in Figure 2. Here the response is measured at three locations (a, b 
and c) and the ground is impacted at 11 locations. Referring to the line of impacts, ‘C’ 
represents the centre impact position and each number given along the line of impacts indicate 
the distance in metres either to the east or west of ‘C’. 
Numerical integration methods (e.g. trapezoidal rule or Simpson rule) can be used to convert 
the multiple point sources into a line source (equation 3).  
 
   (3) 
 
Where h is step size in m  
TM is the point source measured transfer mobility  
n is the number of impact locations along the line.  
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Figure 2 – line of impacts procedure (FTA, 2006). ‘C’ represents the centre 
impact position and each number given along the line of impacts indicates the 
distance in metres either to the east or west of ‘C’. 
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3.2 Instrumentation used for collecting LSTM 
The equipment used for the FTA data collection process comprises a modified Light Weight 
Deflectometer (the LWD is commonly used in pavement engineering), as the excitation 
system for impacting the ground; three single-axis IEPE accelerometers (5g range and 1000 
mV/g sensitivity) to capture the response of the ground (coupled to the ground using epoxy 
glue); and a computer-based digital acquisition system to record the signals from the LWD 
load cell and accelerometers simultaneously.  
The Light Weight Deflectometer (LWD) consists of a 20 kg mass falling vertically down a 
rod from a height of one metre onto rubber buffers. A load cell (capacity 2 kN) installed 
between the rubber buffers and the supporting round plate measures the resulting impact 
force. 
 
3.3  Optimising data collection for LSTM 
As can be seen above, the LSTM assessment requires access to a test site equivalent to the 
length of a proposed train. As described in Section 1, this can present problems in urban areas 
or where access to the proposed route can be severely limited. This study has therefore 
undertaken a sensitivity analysis in order to investigate to what extent reduction in the length 
and spacing of the line of impact (Figure 2) influences the resulting LSTM. This is done by 
contrasting the fully measured LSTM, (as defined in FTA, 2006) with a synthesised version 
based on a restricted number of TMs extracted from the same data set. The analysis procedure 
is detailed below.  
 
 
3.3.1 Process used to extrapolate LSTM measured data 
Measurements were undertaken using the configuration illustrated in Figure 2. The LSTM 
was determined using the FTA method (equation 3), and will be referred to as the “true 
LSTM”. For a given scenario (i.e. number of impact point locations where access is presumed 
available), the LSTM is computed by extrapolating the restricted set of TM data to calculate a 
“synthesised LSTM” which can be compared to the “true LSTM”. For example, referring to 
Figure 2, when evaluating the “synthesised LSTM” at location b using only one measured 
TM, assumed the centre one (as illustrated in Figure 2 by the location “C’) equation 4 is 
proposed.  
   (4)  
 
Where TMc is the point source transfer mobility taken from impacts at the line of impacts 
centre point, ‘C’. Based on the decay rate that the ground offers to the propagating wave, 
ΔLVhk offsets the TM value, compensating for the extra path length between the measured 
points from which extrapolation is being processed and the point being evaluated. hk 
represents the distance, in metres, between these two points; h being the spacing in metres 
between impact points (which for this study it was 3 m) and k is the current impact point 
being computed and n is the total number of impact points (for this study it was 11). The 
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decay rate (dB/m) to which the complementary distance is to be multiplied is attained by 
measuring vibration at both accelerometers (Figure 3 a and b) and calculated as such: 
    (5)  
where, LVa and LVb are the vibration levels measured at point a and b respectively; ‘Δrba’ is 
the distance between these two points, thus: 
   (6) 
 
Specifically for this study, the distance between the centre line of impacts (C) to points a and 
b are approximately 3 and 9 metres respectively (Figure 3).  
 
Extrapolating the LSTM using two measured TMs (e.g. as illustrated in Figure 3, centre and 
3m to the left) is evaluated: 
 (7) 
This process can continue until all the terms (i.e. summation indices in equation 3) are 
populated with actual measurements. 
 
 
       Figure 3 – line of impacts procedure restricted to two points 
 
 
 
4 Results 
 
The results given in this section aim to reflect how sensitive the FTA procedure is to the 
change in length of its prescribed line of impacts, when inferring the LSTM. It also illustrates 
decay rate = LVb − LVa
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the extent the ground response varies within a few metres. Data and Figures in this section are 
taken from measurements at 10 different sites within the same urban area as part of a UK light 
rail project. These sites, although within the same urban area, are widely spaced and are 
deemed to be representative of a variety of ground conditions and soil types in urban areas as 
described in Sections 1 and 2. 
 
The 1/3 octave band LSTM spectra given in Figure 4, represents the ground response 9 metres 
away from the line of impacts, at one of the sites. This illustrates how the extrapolated 
spectrum evolves towards the true spectrum as a higher number of impact locations along the 
line are included. “C”, refers to the synthesised LSTM spectrum evaluated using one impact 
location at the centre of the line (closest to the transducers as illustrated in Figure 2) and 
extrapolated as defined in Section 3 above; “C 3”, corresponds to the synthesised LSTM 
spectrum evaluated using two impact locations along the line of impacts (as illustrated in 
Figure 3), at the centre of the line and 3 m away from the centre; “C 3 3”, refers to the 
synthesised LSTM spectrum where the calculations are based on three impact locations, 
centre and at 3m along the line to each side of the centre point, “C 3 3 6”, six refers to 6m and 
so on. The “true” LSTM trace in Figure 4 is the LSTM spectra where all locations are 
considered, i.e. C 3 3 6 6 9 9 12 12 15 15 (i.e.both east and west of point C).  
 
 
Figure 4 – illustrative comparison between LSTM spectra as a function of number of 
impact locations 
 
As with the majority of ground response, it can be observed in Figure 4 that the transfer 
mobility of the ground is highest around the 25 - 100 Hz frequency region. As expected, the 
material damping of the ground largely influences frequencies above this region; very low 
frequencies are affected by the layer depth where only evanescent waves exist (see Section 2). 
The ‘dB error’ (deviation from the ‘true’ LSTM) for each 1/3 octave band, given in Table 1, is 
the absolute value representing the relative difference between the extrapolated spectrum and 
the fully evaluated FTA spectrum. 
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Table 1 – absolute ‘dB error’ for each 1/3 octave band. 
For statistical purposes, the above procedure was followed for the ten sites. The Figures 
below refer to the sample population and present, in dB for each 1/3 octave band, the average 
error, the standard deviation (given by error bars), and the first and second maximum 
deviation (which relates to the first and second maximum attained error at each frequency 
band, independently) for each synthesised LSTM. 
 
Figure 5 – Synthesised LSTM (inferred from one impact location) deviation from the 
true LSTM. 
 
Hz 5 6.3 8 10 12.5 16 20 25 31.5 40 50 63 80 100 125 160 200 250
C 22.95 10.85 2.64 3.13 2.80 2.70 2.37 0.47 3.27 5.52 5.28 5.91 3.42 6.03 2.93 1.84 3.47 2.79
C3 13.34 6.67 2.69 2.05 1.38 1.16 0.76 1.28 3.91 5.39 4.78 5.95 5.68 3.83 2.29 1.47 4.15 1.79
C33- 6.97 2.88 2.12 2.07 1.23 1.15 1.02 0.61 2.53 2.25 2.28 3.76 4.09 0.06 0.10 0.57 0.66 0.41
C336 6.16 2.84 1.51 1.10 0.74 0.68 0.51 0.47 1.60 1.21 1.57 2.08 2.51 0.13 0.05 0.01 0.28 0.24
C3366- 5.38 2.16 0.97 0.68 0.61 0.48 0.28 0.26 0.81 0.98 1.01 0.76 1.60 0.15 0.03 0.08 0.04 0.29
C33669 2.89 1.49 0.75 0.46 0.33 0.37 0.25 0.00 0.26 0.60 0.51 0.12 0.33 0.02 0.05 0.02 0.02 0.06
C336699- 2.69 1.10 0.61 0.34 0.26 0.26 0.14 0.06 0.01 0.09 0.24 0.04 0.01 0.00 0.03 0.01 0.00 0.03
 5 6.3 8 10 12.5 16 20 25 31.5 40 50 63 80 100125160 200250
0
5
10
15
20
25
Impact Location: C 
1/3 octaveband [Hz]
dB
 
 
Average
stdv
Mxdv
2nd Mxdv
 References- Paper 4 
 141 
 
Figure 6 – Synthesised LSTM (inferred from 3 impact locations undertaken within 
6m) deviation from the true LSTM. 
 
 
 
Figure 7 – synthesised LSTM (inferred from 5 impact locations undertaken within 
12m) deviation from the true LSTM. 
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Figure 8 – synthesised LSTM (inferred from 7 impact locations undertaken within 
18m) deviation from the true LSTM. 
 
From Figures 5 to 8 (above) it can be seen that, the error reduces as more impact locations are 
considered in the LSTM. However, it can be seen that there is an unevenness in behaviour 
across the frequency spectra.  
Figure 9, shows the average error evolution in a progressive way, and contains all the 
synthesised spectra. The Figure reveals frequency regions within the signal that are better able 
to be represented/assessed from fewer impact locations and others that appear to need a 
greater number of impact locations. 
 
Figure 9 – contrasting the synthesised spectra average ‘dB error’ as a function of 
number of impact points. 
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It can be argued that at very low frequencies (i.e. up to 8 Hz), as a consequence of natural 
wave impeding effects from shallow layers, the dynamic energy is trapped, and unable to 
propagate into the far-field. Thus, as the impact location moves away from the receptors it 
would be expected to see significantly less energy readings at very low frequencies. 
Therefore, below 8 Hz, deviation can be attributed to the background noise of the ‘true’ 
spectrum. This can also be confirmed in Figure 4, where more data points are used, i.e. those 
further away from the receiver position display a tendency for the transfer mobility to rise, 
which is expected due the effect of background noise. Additionally, in Figure 9 it can be 
observed that between 31.5 to 100 Hz, (the frequency range containing the most energy, 
Figure 4), is where there is a higher deviation.  
Excluding the lower frequencies for the reasons presented above and combine 1/3 octave 
bands into whole octave-bands, the data in Figure 10 gives the average error, along with the 
95% confidence interval (error bars) found throughout this study as a function of a given set 
of impacts. This shows that a reduced number of impact test locations will allow a data set 
with reasonable confidence where limited data points can be obtained. However, it has to be 
considered that this study was confined to one area and it is recommended that prior to use on 
similar projects, a similar process of sensitivity analysis is conducted on appropriate full 
LSTM data for a specific project. This is required to assess the confidence that can be had in 
tests with reduced data collection points for other sites.  
 
 
Figure 10 – average ‘dB error’ and the 95% confidence level (error bar) as a function 
of number of impact points for each octave band of interest. 
 
5 Conclusions 
The FTA method for predicting and assessing railway vibration is used across the world but 
has not been widely used in the UK. However it has been used within UK LRT projects. 
When predicting LRT induced vibration in urban areas, there can be issues with access and 
site logistics that can present limitations in undertaking a full LSTM survey (along the length 
of a proposed rail vehicle) as required by the FTA methodology. To address this, a sensitivity 
analysis of a series of LSTM measurements undertaken in an urban environment has been 
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performed. This has shown that the vibration response of the ground can vary significant 
within a small urban area.  
The sensitivity analysis reducing the number of impact points used in calculating the LSTM 
has shown that where access is limited the number of impact points can be reduced, which 
will create a certain level of error within any readings assessed. This can be used as a guide to 
expected error, if the FTA procedure is followed with restricted data collection points. 
Based on the ground response sensitivity analysis undertaken, an error up to 4.5 dB is likely 
to occur should the ground response be derived at a single impact point; and in extreme 
situations 14 dB error, within a single 1/3 octave-band, could be expected.  
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APPENDIX E - TECHNICAL REPORT 1 
Excitation Mechanism for Rail-Induced Vibration Assessment: Selection, Calibration and 
Prediction Uncertainties 
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EngD Report_01: 04/5/2011 
EXCITATION MECHANISM FOR RAIL-INDUCED VIBRATION ASSESSMENT: 
SELECTION, CALIBRATION AND PREDICTION UNCERTAINTIES 
By Jorge D’Avillez 
 
 
 
Intro 
This report is parte of a research programme commissioned by URS UK acoustic department 
called “Routine Procedures for the Assessment of Rail-induced Vibration”. The report aims to 
establish and test a practical excitation mechanism that can be used for testing the ground 
dynamic behaviour. 
Transfer functions are commonly used to model the dynamic response of the ground structure 
to rail induced vibration. When deriving a transfer function through measurements, it is 
critical to choose an excitation mechanism capable of producing a representative signal to 
feed the system that is being analysed. This Document sets out to describe the choice and 
calibration of the selected excitation method for the “impact test”. It then examines and 
assesses the effectiveness of the proposed methodology for modelling the ground structure 
(i.e. impact-test induced Line Source Transfer Mobility) as proposed in (FTA, 2006). 
 
Background 
Impulse response (IR) represents the behaviour of any dynamic system in response to some 
external change. The system’s IR should be always unique; and hence, useful only if the 
system is essentially linear so that the principle of superposition can be invoked (Smith, 
1989). This is to say that any metamorphosis the vibration signal suffers when propagating 
through the ground, is always independent of the vibration characteristics at the input of the 
system (e.g. absolute levels, spectrum pattern, time of exposure to vibration, etc.). A function 
that describes the system through which signal (or vibration) propagates is called transfer 
function (TF). There are many ways of representing the TF, for relevance purpose it will 
always describe it in the frequency domain in a form of a spectrum. An example of a system 
that is typical characterised through TFs is the ground structure. 
When characterising the ground, TFs can effectively be acquired through the impact test, 
which is a percussive blow to the ground; frequency sweep, using a mechanical shaking 
device capable of continuous sweeping through the frequencies of interest; or through a 
method known as Maximum Length Sequence (MLS) (Singleton, 2005), which consists of 
injecting a deterministic signal to the system’s input using an electromagnetic shaking device, 
and comparing the input with the output. Of all three, the most practical one is the impact test, 
which is the one to be taken on throughout the “Routine procedures for the assessment of 
railway vibration” research project. An alternative method of exciting the ground is to use a 
passing train; although this method cannot be used in locations where the rail track is yet to be 
built it will be used throughout this study for comparative purpose. 
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FTA (2006) procedure, which is the methodology being exploited throughout the main 
research programme, requires the use of the Line Source Transfer Mobility (LSTM), which in 
essence, is a form of TF. Effectively, LSTM is fundamentally made up of multiple Transfer 
Mobilities (TM); TM in turn is defined as velocity over force. 
 
Requirements  
Since the LSTM (as proposed in the FTA procedure) requires the averaging result of 20 
impacts at each location/position, around 200 impacts, depending on the train size, may be 
required to characterise the ground. For this reason the research aspires to develop an impact 
mechanism capable of emitting an impulse that could be read (above background noise) at 
more than 30 m away, easy to operate (not requiring much effort due to the number of 
impacts need for characterising the ground), yet be a portable unit capable of being operated 
single-handed. Additionally, in order to derive transfer mobility the force that is being emitted 
into the ground needs to be known. This is effectively done through a force transducer (e.g. 
load cell) mounted between the impact instrument and the ground.  
It was found that the LWD (Light Weight Deflectometer), which is a device used by the URS 
pavement department to measure the dynamic response of the ground, had the potential, 
undergoing some alterations, of satisfying the above requirements. LWD as seen in Figure 1, 
consists of a 20 Kg mass around a rod, falling vertically, from a height of one metre on to 
rubber buffers. A load cell (full capacity load of 2 tons) installed between the rubber buffers 
and the supporting round plate measures the resulting impact force. Although this tool is 
equipped (fitted as standard) with dedicated analysing systems it does not satisfy the proposed 
dynamic analysis (as described in the technical report: "A signal processing methodology for 
the analysis of data for use in railway vibration assessments”). For this reasons some 
alterations had to be accounted for. In order to synchronise all transducers (i.e. impulse and 
response measurements), the load cell had to be disconnected from the LWD integrated 
system in order to be connected to an external dedicated acquisition system allowing the 
reading from transducers to be analysed accordingly.  
 
Figure 1: Portable LWD (Light Weight Deflectometer) 
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Calibration 
In order to use the load cell incorporated in the LWD, a direct connection to the load cell has 
been made bypassing the LWD internal electronics. Since this process disconnects the LWD 
fitted DC power, which feeds the load cell, an external power source has been provided. Since 
the load cell output is a function of the DC current input calibration is critical. 
The setup (i.e. ‘load cell’/‘acquisition system’) had to be calibrated in accordance to the load 
cell output voltage (i.e. V/N). This was not given, thus a full calibration had to be performed 
from principles. According to Harris and Piersol (2002) the calibration process requires a 
calibrated accelerometer coupled to the falling weight, and an acquisition system to which 
both load cell and accelerometer outputs are connected (see apparatus in Figure 2). Note that 
figure below represents an analogue system; thus, in todays digital world “Dual beam storage 
oscilloscope” and “peak hold meters” can be discarded since the majority of ordinary digital 
acquisition system offer the possibility of giving the voltage at its input from both sensors. 
For a full calibration a series of impact tests need to be performed. Along with the fixed 
variables such as the falling weight mass, m, and the sensitivity of the accelerometer, Sa, for 
each impact test the variables to be acquired (see equation 2) when inferring the sensitivity of 
the load cell. Sf, are:  
• a, acceleration that the falling weight undergoes 
• ea and ef, accelerometer and force transducer respectively output voltage 
 
 
Figure 2: LWD calibration scheme adopted from (Harris and Piersol, 2002)  
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For a calibrated system “Shock and vibration handbook” (Harris and Piersol, 2002) give the 
following relation:  
 
 
Equation 1 
 
 
 
By making Hf= Ha (same gain), the sensitive of the force transducer, Sf, becomes: 
     
Equation 2 
 
 
 
Calibration was performed at different accelerations as shown in Figure 3. Note that the 
interval of 0.347 to 0.4 is equivalent to 1.2 dB. The average sensitivity of 0.37 mV/N was 
used for the LWD load cell’s main sensitivity.  
 
 
 
Figure 3: results from LWD calibration process given as a function of acceleration. 
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Validation 
In order to confirm the LWD Load cell derived sensitivity a PCB sledgehammer, commercial 
available for testing structures, was used for comparison. This instrumental sledgehammer has 
a force transducer installed between the tip and the head, which also needs to be calibrated. 
As mentioned on the calibration guidance of the PCB sledgehammer, a proper calibration 
should compensate for the factor that the force of impact on the test structure is a function of 
the total mass of the hammer, whilst the force on transducer is a function of only the mass 
behind it (see Figure 4).  
 
 
 
Sf* =
mhead
mhead +mtotal
⋅Sf  
 
 
 
 
Figure 4: sledgehammer mass scheme 
 
The practical approach is to calibrate the whole system using a calibrated accelerometer at a 
freely-suspended mass (see Figure 5) and derive the acting force through Newton’s second 
law of motion. In essence this is done by hitting a freely-suspended mass instrumented with a 
reference accelerometer and applying to Newton’s second law of motion, where at any instant 
in time, the force experienced by the mass is simply, F=ma. Results as a function of 
acceleration are given in Figure 6. 
 
 
Figure 5: sledgehammer calibration scheme apparatus 
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Figure 6: results from sledgehammer calibration process given as a function of 
acceleration. 
 
• Manufactures’ quote a sensitivity of 0.18 mV/N 
• Measured average revealed a sensitivity of 0.22 mV/N 
• A deviation of around 18%; which is equivalent to ±0.5 dB. 
 
Finally, comparing the concrete floor transfer mobility derived through both sledgehammer 
and LWD (Figure 7) validated the LWD load cell calibration process.  
 
 
Figure 7: comparison the response of a concrete floor derived using the 
sledgehammer and the LWD. 
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Establishing Potential Uncertainties Induced by Different Excitation Mechanisms 
It follows a brief investigation to see how the excitation mechanism along with the ground 
structure may impact on prediction uncertainty.  
Ground contribution to uncertainty 
To investigate the significance of the excitation signal when characterising the ground a brief 
study at a rural site (adjacent to “Hope Valley line”) was conducted. Four excitation 
mechanisms, LWD (i.e. impact test) and three different train Classes, have been contrasted. 
For each of the mentioned excitation mechanisms, the assessment evaluates the decay rate 
that the ground offers to vibration. The curves induced by the impact test are based on LSTM 
as proposed in (FTA, 2006).  
Figure 8, shows the decay curves as a function of frequency: left, based on an 8 m stretch 
(measurements were taken at 8 and 16 metres away from the point of impact); right, based on 
an 16 m stretch (measurements were taken at 8 and 32 metres away from the point of impact). 
The trains run perpendicular to the line defined by the two transducers and 6 meters behind 
the point of impact. As demonstrated by Lamb (see Hung and Yang, 2000), when considering 
the line source, geometric spreading is not expected to impact on the r-wave decay rate. Thus, 
the plots in Figure 8 are given in dB/m. 
 
  
Figure 8: decay rate evaluated using different excitation mechanisms 
Figure above shows the extent of lack of linearity evaluated at different distances away from 
the track. It can be seen that when inferring the vibration decay rate, in dB/m, different decay 
rates are attained depending on both the excitation mechanism and distances from the track. It 
is worthwhile noting that not only the impact method diverges from the train-induced 
functions. It can be observed that the decay rate curve is dependent on train Classes (see 
Figure 8 right class 185 around 50 Hz). This suggests that ground structure decay rate is 
dependent on the excitation mechanisms. However, it appears that the closer the observation 
point is to the source the higher the differences in ground behaviour as a function of excitation 
mechanism. To ameliorate this, the methodology will average the force densities evaluated for 
different distances. 
 
Summary  
An excitation mechanism has been chosen and calibrated and put to test. The test shows that 
the decay rate that the ground offers to the propagating vibration is dependent on the 
excitation mechanism. This compromises to a certain extent the methodology. To ameliorate 
for this, however, prediction should be based on an average of data collected at different 
distances from the source.  
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APPENDIX F - TECHNICAL REPORT 2 
 
A signal processing methodology for the analysis of data for use in railway vibration 
assessments 
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EngD Report_02: 07/10/2011 
A SIGNAL PROCESSING METHODOLOGY FOR THE ANALYSIS OF DATA FOR USE 
IN RAILWAY VIBRATION ASSESSMENTS 
By Jorge D’Avillez 
 
1 Introduction 
Most practical railway vibration prediction techniques rely on measurements that contribute to 
the Transfer Functions (TF) between various points of the system, as a way of describing the 
sub-system behaviour to incoming vibration. Multiple TF (each describing a sub-system) are 
then combined to describe the entire system (i.e. track–soil system). These TF can be 
combined with a specific vibration measurement next to the source (e.g. rail induced 
vibration) to yield the expected vibration at a receiver’s location. Typically, when modelling a 
point source, TF data is estimated using the impact-test procedure [1] and analysed through a 
set of well established Digital Signal Processing (DSP) algorithms and presented in the form 
of a frequency spectrum. This method can then be extended to represent a line source, such as 
a passing train, by combining multiple point sources. 
Based on the line source transfer mobility function (which stems from the process described 
above) Nelson and Saurenman [2] proposed an effective method of predicting rail-induced 
ground borne vibration. This method has been adopted by the “Assessment procedure in the 
guidance manuals of the Federal Railroad Administration” (FRA) [3] and in guidance for the 
“Federal Transit Administration” [4] of the U.S. Department of Transportation. In contrast to 
other empirical methods, this method has proven to be efficient in that it is capable of 
effectively isolating the source from the propagation path (i.e. the train and trackbed, 
characterising the source, and soil characterizing the path). This offers the advantage of 
classifying the source in an absolute manner (i.e. as force density) so that it can be directly 
applied to other sites with similar ground conditions as established in [3]. 
This direct and pragmatic approach can be seen as an option for simplifying elaborate semi-
empirical methods, especially those that rely on combining measured data (normally ground 
TF, train induced vibration and/or building TF) with computer-based analytical formulations 
(typically based on mass-spring systems); where mass and spring elements are used to 
represent each component (e.g. rail, rail-pad, sleeper, ballast, sub ballast, and sub-grade) 
allowing the required adjustment calibrating model to fit the proposed scenario being 
modelled under consideration. The complexity of the analytical formulations can be 
significant as it relies on an array of mathematical expressions along with numerous 
assumptions. 
Guidance [4] outlines the data collection process for this simplified method but presents little 
on the data analysis referring only to the use of specialised multi- channel spectrum analysers 
that have built-in capabilities for undertaking narrowband analysis. This assumes that the 
analyst is well acquainted with the necessary DSP settings (e.g. type of window). 
To ensure reliable analysis for use in the FRA method, this paper examines in detail key DSP 
routines using field collected results of impact tests and railway vibration measurements at the 
same site during the development of the processing system. This paper will give an outline of 
the FRA proposed methodology, briefly reviews relevant DSP algorithms, and then discuss 
and establishes the necessary DSP algorithms and settings for an effective and credible line 
source transfer mobility and force density analysis that satisfies the FRA methodology [3]. 
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2 FRA Overview 
This section presents a brief overview of the prediction procedure proposed in the FRA [3] 
detailed railway vibration assessment methodology. 
 
2.1 FRA Background Theory 
For a detailed railway vibration assessment FRA puts in place a methodology based on the 
prediction procedure proposed by [2]. The method normalises all the field vibration 
measurements by removing the soil’s contribution from the resulting vibration; thus yielding a 
quantitative description of the source (as a normalised force density) that is independent of the 
soil characteristics. 
This test procedure is based on three quantities: 
• “Line Source Transfer Accelerance” (LSTA), expressed in [dB re 10-6 (m/s2)/(N/m0.5)], 
characterises the transfer of vibration due to a line load quantifying the energy that is 
transmitted through the soil relative to the power per unit length radiated by the source;  
• “Force Density Level” (FDL), expressed in [dB re N/m0.5], represents the power per unit 
length of an incoherent line source of the vibration forces induced by the passing train 
coupled, or not (depending on where it was measured), to the track support system; and,  
• the Train’s Vibration acceleration Level (LV), expressed in [dB re 10-6 (m/s2)], measured 
during a train passage.  
 
The test procedure requires these quantities to be expressed in 1/3 octave- band as the root 
mean square (RMS) value. Assuming all values are expressed in decibels (logarithm domain), 
these three quantities relate to each other as such: 
LV = FDL + LSTA     (2.1) 
By combining FDL with LSTA it is assumed that the resulting force density can be used to 
predict the vibration velocity level at other sites with similar train and track characteristics. 
It is worth noting that on FRA methodology the quantities above are expressed in imperial 
units and vibration descriptor is expressed in velocity. For this paper, however, all analyses 
and figures were derived using S.I. units and acceleration for the vibration descriptor. 
Furthermore, for environmental purposes, ground vibration assessments are often reported 
using the Vibration Dose Value (VDV, as required in BS:6472-1:2008) which is an 
acceleration based descriptor, and can be derived from the frequency domain spectrum 
through the use of estimated VDV (eVDV). Henceforth the term mobility will be replaced by 
accelerance (Acceleration/Force). 
 
2.2 FRA Prediction Procedure 
Since Force Density is a quantity that can not be directly measured, it must be inferred from 
measurements of LSTA and train vibration at the same site or one with similar ground 
characteristics. 
Two different field procedures are proposed in [3] for obtaining the LSTA: the “Line of 
Transducers”, which is especially useful for underground testing (avoiding the need for 
multiple boreholes), and the “Line of Impacts”, which is a more direct approach, requires 
Routine Procedures for the Assessment of Rail-induced Vibration 
158 
fewer resources (only 4 to 8 transducers are often needed) and as stated in [3], has shown to 
deliver higher accuracy and repeatable results. “Line of Impacts”, which will be considered 
further in this paper, consists of a set of impacts evenly spaced (3 to 6 meters) along a line 
parallel to the track centre line (spanning the train’s length), and one or more receiving 
positions (see Figure 1) perpendicular to the line of impacts (ideally 3 to 7, depending on 
spatial resolution) to collect the resulting impulse. 
 
 
 
The field testing for the line of impact approach consists of dropping a weight on to a load 
cell, generating a vibration pulse, and measuring the response with an accelerometer at the 
receiver ground surface location. DSP analysis is then used to analyse the field data and 
obtain the relationship (Transfer Function (TF) in the form of a Frequency Response Function 
(FRF) (i.e. spectrum)) between the impact force and the resulting ground vibration (response) 
at the accelerometer positions, expressed as point source transfer accelerance in dB [re 10-6 
(m/s2)/N]. In order to provide significant signal enhancement, the method suggests that each 
calculated TF should rely on an average made up of at least 20 impact-tests for each point, 
especially for distances greater than 30 metres. 
The 1/3 octave-band point source transfer accelerance for each receiver location can then be 
summed following the trapezoidal rule for numerical integration to directly calculate the line-
source transfer accelerance as showed in equation 2.2. 
 
 
 
where h (see Figure 1) is the interval between impact points and n is the total number of 
impact points. It is a requirement that h×n should be equal to the train length. 
 
 
9 
 
 
Figure 1 – Line of impacts procedure as proposed in [3] 
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accelerometer positions, expressed as point source transfer accelerance in dB 
[ref 10-6 (m/s2)/N]. In order to provide significant signal enhancement, the 
method suggests that each calculated TF should rely on an average made up of 
at least 20 impact-tests for each point, especially for distances greater than 30 
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where h (see Figure 1) is the interval between impact points and n is the total 
number of impact points. It is a requirement that h×n should be equal to the 
train length. 
   
Force density which effectively is the force divided by the square root of the 
train length is then acquired by direct use of the following equation: 
 
FDL = LV – LSTA    (2.3) 
 
Theoretically, or at least it appears assumed in FRA methodology, FDL is 
independent of the local geological conditions; thus, FDL should be 
independent of distance from the tracks. Due to the assumptions used it is 
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Force density which effectively is the force divided by the square root of the train length is 
then acquired by direct use of the following equation: 
FDL = LV – LSTA    (2.3) 
Theoretically, or at least it appears assumed in FRA methodology, FDL is independent of the 
local geological conditions; thus, FDL should be independent of distance from the tracks. Due 
to the assumptions used it is suggested [3], when characterising a train class, that Force 
density should be calculated from the average of measurements at three or more positions. 
Following the field measurement, the procedure requires data to express each point source 
transfer accelerance as a function of frequency in the form of a narrowband spectrum; the 
narrowband data is then combined into a 1/3 octave spectrum facilitating the computation of 
the line source transfer accelerance as shown in equation 2.2. This process is typically done 
through a set of DSP routines. However, there are known issues, related to random error (i.e. 
errors in measurement that lead to inconsistency when measurements are repeated under the 
same conditions such as noise contaminating the signal) and bias errors (i.e. systematic error 
due to known physical law contained within the analysis process unrelated to the data being 
analysed), within the DSP spectral analysis that need to be considered when implementing the 
DSP algorithms. The remaining sections of the paper address and discuss some relevant DSP 
issues in order to single out a set of practical algorithms tailored to accurately meet the FRA 
proposed methodology. 
 
 
3 DSP Background Theory 
This section briefly reviews the Fourier transform and discusses its practical limitations which 
are responsible for bias errors, capable of causing spectral distortions. 
 
3.1 Fourier transform 
A Fourier transform is a mathematical operation that decomposes a time dependent signal into 
its constituent frequencies, governed by the following equation: 
 
where  
g is the signal in the time domain 
j is  
f is frequency  
t is time 
There are practical limitations that inhibit the direct Fourier transform in the digital domain; 
one is due to infinite bonding (see equation 3.1 integration limits) and the other being that it is 
a continuous function of time. 
The practical limitation that arises from the Fourier’s infinite bonding integral is effectively 
overcome by a specific kind of discrete transform, used in Fourier analysis called Discrete 
Fourier Transform (DFT): 
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where  
N is the number of time data samples  
x is the discrete time data 
 
DFT breaks the signal being transformed into finite blocks of length T, allowing a blockwise 
analysis of the signal, where each block is assumed to be one period of an artificial infinitely 
long periodic signal. 
The DFT results in a Fourier spectrum of finite time record samples, at discrete frequencies 
(k×∆f where k is an integer and ∆f is the spacing between the calculated lines in the frequency 
domain). 
The Fourier transformation above is efficiently carried out numerically by the fast Fourier 
transform (FFT) algorithm, developed by Cooley and Tukey in 1965 [6] 
 
 
 
3.2 Bias Errors in DSP analysis 
The two main aspects in the DSP spectral analysis procedure that can lead to bias errors are 
lack of frequency resolution, causing what is known as the Picket Fence effect and signal 
discontinuity observed between the end and start of the signal inside the time block (T) that is 
being processed, which is responsible for the so called leakage error, these are discussed 
below. 
By definition the inherent periodicity imposed by the DFT implies a discrete frequency 
transformation where the frequency resolution, ∆F, is inversely proportional to the length of 
the time block as defined by: 
 
where  
∆F Frequencyresolution 
Fs Sampling frequency 
N number of time data samples T Block length (also referred as window) 
 
 
If the signal being transformed is not periodic then there is the likelihood of a discontinuity 
between the end and start of the signal impacting on the wave- shape inside block T. These 
limitations, which are due to the periodic nature of the DFT, relate directly to the well-known: 
 
13 
The practical limitation that arises from the Fourier’s infinite bonding integral is 
effectively overcome by a specific kind of discrete transform, used in Fourier 
analysis called Discrete Fourier Transform (DFT):  
∑
−
=
−
=
1
0
21 N
n
N
nkj
nk exN
X
pi
 1,...,0 −= Nk   (3.3) 
 
where   
N is the number of time data samples 
 x is the discrete time data 
 
DFT breaks the signal being transformed into finite blocks of length T, allowing 
a blockwise analysis of th signal, where each block is assumed to be one 
period of an artificial infinitely long periodic signal.  
 
The DFT results in a Fourier spectrum of finite time record samples, at discrete 
frequencies (k×∆f w re k is an integer and ∆f is t e spacing between the 
calculated lin s in the fr quency domain). 
 
 
14 
The Fourier transformation above is efficiently carried out numerically by the 
fast Fourier transform (FFT) algorithm, developed by Cooley and Tukey in 1965 
[6] 
3.2 Bias Error  in DSP analysis 
The two main aspects in the DSP spectral analysis procedure that can lead to 
bias errors are lack of frequency r solution, causing what is known as the 
Picket Fence effect and signal discontinuity observed between the end and start 
of the signal inside the time block (T) that is being processed, which is 
responsible for the so called leakage error, these are discussed below.   
 
By definition the inherent periodicity imposed by the DFT implies a discrete 
frequency transformation where the frequency resolution, F∆ , is inversely 
proportional to the length of the time block as defined by: 
TN
FF s 1==∆     (3.4) 
where 
F∆  Frequency resolution 
sF  Sampling frequency 
N number of time data samples 
T Block length (also referred as window) 
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• “Leakage” problem [7] – due to limitation in fitting the entire time signal that is being 
transformed into the finite block length, T, (referring to equation 3.3 when signal length > 
N) a periodicity discontinuity within the block is likely to occur (as illustrated in Figure 2a 
by the red sine wave labelled worst case; here it can be seen that the sine wave at the end 
of the time block is descending and when joint with the beginning, as it does when it 
loops, the overall shape of the wave will be altered; no longer being a sine wave)) causing 
a loss or gain of signal power in a given FFT line to or from neighbouring FFT lines as 
illustrated in Figure 2b; and, 
• “Picket Fence” effect [8] – due to lack of frequency resolution (the term derives from the 
analogy of having a fence obstructing the view where the plank width represents the 
frequency resolution), this impacts on frequency component that do not coincide with an 
FFT line, yielding an error in amplitude and frequency, which is highest for when the 
component falls exactly between two lines (as illustrated in Figure 3 when analysing using 
a ∆F of 1.6 where, for instance, it misses out the 31 Hz FFT line distributing its energy 
amongst its neighbour frequencies). 
 
 
Figure 2 – 40 Hz sine wave truncated at different time values, (a) is the signal in the time 
domain and (b) its resulting spectrum. Red (worst case, where there is a mismatch between 
the end and start of the signal), shows “leaks” spreading energy into other frequencies of the 
estimated spectrum. 
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Figure 3 – Picket fence effect – the same signal being analysed using different frequency 
resolution. 
 
 
These phenomena have a direct impact on the broad-band RMS spectrum analysis, where 
each 1/3 octave-band is calculated by combining all FFT components within defined 
frequency ranges. The components next to a band boundary might spill part of their energy to 
adjacent bands. This becomes relevant at low frequencies (such as at frequencies measured in 
railway vibration), since the octave scale is logarithmic and the FFT lines that are evaluated 
are uniformly spread over the frequency axis. Thus, high frequency bands are the synthesis of 
a large number of FFT lines as opposed to low frequency bands, which will be computed with 
fewer frequency lines. 
To deal with these issues, techniques such as: Zoom FFT (which increases the frequency 
resolution by recomposing Fs); and Windowing (which ameliorate the “leakage problem” by 
tapering the edges of the time block) were developed and are applied in commercial spectrum 
analysers. These techniques are well documented in [9, 10, 10]. However, since the proposed 
analysis relies on impact-tests, and assumes that the signal fits the FFT time block, the 
leakage problem is not a major issue as long as the signal is not significantly contaminated 
with noise. As to the frequency resolution, since low frequencies are being analysed, the 
process can be greatly simplified by expanding time block, T (zero padding), which improves 
frequency resolution in with equation 3.4. Zero padding is further discussed in section 4. 
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DSP Routines 
This section will establish and discuss relevant DSP routines for an effective impact-test 
analysis where FRF spectral components are processed in the narrowband and combined as a 
function of broad band limits (e.g. 1/3 octaves bands) into single value. It sets out the flow of 
processes to be used and discusses each relevant component in terms in the context of the 
previous section. 
The impact-test analysis to be examined assumes that the signal to be analysed is of a 
transient nature, starting and finishing at zero amplitude. The force signal, (at the impact 
point) refers to the system’s input force and is measured in N; the response signal, (at the 
accelerometers) refers to the system’s output vibration, measured in m/s2. These types of 
signals contain a finite amount of energy due to its finite duration and are to be analyzed as an 
entity with no regard to how they vary with time. 
The analysis, which is processed through a set of DSP routines in a sequential manner, as 
illustrated in the flow diagram below (Figure 4), can be broken down into two distinct phases. 
The first, which is performed in the time domain, pre- processes each impact-test signal with 
the aim of removing unwanted traits capable of causing spectral distortion. After which 
follows a second phase (see Figure 4 right) where the signal is transformed into the frequency 
domain using the FFT algorithm and the corresponding FRF, relating the force and response 
in the form of a narrowband spectrum, is computed using the dual channel analysis technique 
as detailed in [11]. It follows the averaging process, which is accurately done by processing 
the real and imaginary part independently. Finally all the frequency components are 
recombined in 1/3 octave bands. 
Apart from the choice of FRF estimator (mathematical expression that computes the ratio of 
output-to-input, i.e. transfer function), which according to a brief study (out of the scope of 
this paper) did not impact on the FRF, this second set of routines (Figure 4 right) are 
implemented in a straight forward manner as defined e.g. in [7,8,12]. 
The following section details the first stage (Figure 4 left, time domain processing) using field 
collected test data to illustrate and quantify the processing where appropriate. 
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Figure 4 – DSP routines scheme used in the Broadband spectral analysis 
 
Time Domain DSP Routines 
The five routines illustrated in the left hand side of Figure 4 are performed in the time domain 
and aim to prune the signal (shaping it into its essential form). This section puts into place 
time domain standardised practices, such as windowing and padding, to overcome FFT 
known issues (as mentioned in section 3.2) enhancing spectral accuracy. These are discussed 
in turn. 
Decimation (or down sample) – reduces the number of samples representing the recorded 
signal. This does not only cut down computational cost but most importantly increases the 
spectral frequency resolution by allowing a greater number of FFT lines to be used in the 
lower frequency bands (see eq 3.4). Effectively this process reduces the signal’s frequency 
range limiting the high end of the spectrum. To avoid aliasing (i.e. static distortion due to 
reduction of data points), the decimation process involves a low-pass filter (known as anti- 
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Aliasing filter) to be used before the process. Thus, decisions on the higher frequency limits 
needs to account for the anti-Aliasing filter ripples (Gibes effect) and extending the frequency 
range accordingly. By nature, these filter types, such as eighth-order lowpass Chebyshev Type 
I filter, cause very pronounced ripples at the frequencies close to the filter’s cut off frequency, 
and some headroom should be allowed (e.g. for the filter mentioned above, only 80% of the 
frequency response is flat enough to be considered). 
A high frequency limit is not clearly defined in the FRA method [3] although it is mentioned 
that the load cell should have a flat response from 6 to 400 Hz. However, it is worth noting 
that in impact-tests the ground structure rigidity affects the force impulse shape dictating the 
high frequency limit. Typically (as observed in the majority of reports and publicly available 
studies (e.g. [13,14])) using the prescribed instrumentation in [3] ground transfer mobility 
values ranging from 6 to 200Hz. 
High Pass Filter (HPF) – The HPF needs to be considered in order to filter out low 
frequency noise that impact on the signal’s zero base level (i.e. causing the mean amplitude of 
the waveform to be other than zero (typically referred to as DC offset)). Figure 5 shows 
unfiltered and filtered impact field data collected at a site away from road traffic experiencing 
low “cultural” background noise (below 45 dB [re: 10-6 m/s2], RMS in a region between 4 to 
500 Hz) showing a potential misrepresentation at low octave-band levels by as much as 
10 dB. In practice low frequency background noise is mainly caused by natural events such as 
the swaying of tree roots due to wind, and/or electrical discharges being picked up by 
transducers (e.g. next to power cables especially when the ground is wet). An effective filter 
that is commonly used is the 6 order High Pass Butterworth filter which yields a slope of 
36 dB per octave with a cut-off frequency at 2 Hz. These settings will mainly impact on 
frequencies up to 5Hz (6 Hz 1/3octave-band starts at 5.623 Hz), which is just below the 
frequencies of interest. 
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Figure 5 – The degree to which DC offset impacts on the resulting spectra. Top left unfiltered 
signal as recorded; top right filtered signal; bottom spectral representation of the unfiltered 
signal (red) and the filtered signal (blue). 
 
Truncation –The resulting impact test force pulse duration is short and has a low RMS 
energy level, even though its peak level tends to be very high. The response length is highly 
dependent on the soil characteristics and distances from source to receiver. For relatively 
short distances, 10 to 40 m, results show that response size may typically range from 200 to 
350 ms. Typically, if the force signal is contaminated it is mainly by noises of an electrical 
nature, producing artificial sharp transitions in the time signal. The response signal is mainly 
contaminated by environmental and cultural noises (physical noises). Thus, such noise can be 
a problem since the total energy of noise in the time block, T, can be significant compared to 
the energy of the force/response signal. Thus the truncation process should be applied in order 
to limit the length of the recorded signal fitting only the relevant portion of the signal (i.e. the 
impact test duration or train pass) within a short finite time block, T, minimising the 
contribution of the contaminated noise. 
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Windowing – Windowing consists of multiplying the signal (in the time domain) with a 
defined weighted function, forcing the signal’s boundaries inside time block, T, to decay to 
zero in a manner defined by the weighted function (avoiding leakage due to discontinuity of 
the data being analysed, see section 3.2). Relating to impact-test analysis, “leakage” mainly 
raises concerns on highly undamped systems analysis, where the signal’s tail, which contains 
a meaningful proportion of the response energy, gets buried under noise. For a highly damped 
structure, such as the ground, windowing is not a major issue. It can be appropriate, however, 
to help avoid possible problems due to unexpected transient noise at the edge of the time 
block (T). This is achieved by fading in and out the background noise by tapering the 
beginning with a fast rising slope, such as the half-cosine function (known as half-Hanning), 
and the end with a slower falling slope with the other symmetrical half cosine function 
leaving the impact energy unaffected as illustrated in Figure 6. This process will increase the 
signal to noise ratio of the force and response signal by eliminating any random noise 
(electrical or physical) in the system. A mathematical expression of the Cosine-taper 
weighting function that can be applied directly to the entire time block, T, is: 
 
 
Where 
Wtap taper weighting 
Htap (head taper length) is the portion of the data to be tapered at the beginning of the 
time block  
Ttap (tail taper length) is the portion of the data to be tapered at the end of the time 
block  
t is the time in samples  
N is the total time block size 
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Where Wtap taper weighting 
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Figure 6 – Transient window commonly used on the analysis of short transient signals 
weighted by a Cosine-taper function. 
 
Ringing which is the decaying oscillation that follows the sharp initial positive peak as 
illustrated in Figure 7, often appears due the use of the anti-aliasing filter [11]. Because 
ringing is not a consequence of mechanical anomalies such as "hammer ringing" or 
"transducer ringing" but forms part of the measured response signal it needs to be preserved 
throughout the truncating and windowing processes as described above. 
 
 
Figure 7 – Typical force pulse that has been decimated. 
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Zero Padding 
Because the segment T (truncated and windowed portion of the signal) to be transformed is 
very short (in the order of hundreds of ms) the transform process would yield a very low 
spectral resolution (as discussed in section 3.2 – equation 3.4). Figure 8 shows the impact that 
∆F has on the Transfer Accelerance Function. Here, in accordance with FRA methodology, 
each Transfer Accelerance Function was attained through the averaging of 20 individual 
impact tests. A 5 dB disagreement can be observed at the 16 Hz 1/3 octave-bands when no 
steps are taken to makeup for the short signal, impacting on the narrow band low ∆F . Since 
this is due to a bias error (Picket Fence Effect) the averaging will not significantly reduce the 
error (assuming the analysis is done using an automated process which truncates all incoming 
signals consistently at the same relative position (e.g. 17 ms before the impact signal starts as 
exemplified on Figure 7)). The degree of impact that ∆F has on the 1/3 octave band transfer 
mobility is a function of soil structure; e.g. the response auto-spectrum shown in Figure 9 
(red) reveals a sharp slope at around 12 Hz, which is an attribute specific to the soil being 
analysed, and lack of spectral information (i.e. FFT lines) around that region would likely 
misrepresent the true spectrum yielding an error at the respective 1/3 octave band. Soil 
spectrum with less irregularities would need less FFT lines to efficiently produce a 1/3 octave 
Transfer Accelerance Function. In short this issue is efficiently dealt with by extending the 
windowed signal with zeroes as shown in equation 4.2. This would be missed if an automated 
process was used without considering its effects. 
 
 
Figure 8 – Comparison of the impact that ∆F has on ground Transfer Accelerance Function 
measured at Hope valley next to the rail track. 
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Figure 8 – Comparison of the impact that F∆ has on ground Transfer 
Accelerance Function measured at Hope valley next to the rail track. 
 
Routine Procedures for the Assessment of Rail-induced Vibration 
170 
 
Figure 9 – Representative Auto-Spectrum of the impulse (blue) and response (red) measured 
at Hope valley that makeup the average shown in Figure 8. 
 
 
Where:  
Xw(n) is the windowed signal  
N is the windowed block size  
Nzp is zeros block size 
 
Since the spectral amplitude depends on the length of the time recorded all signals that make 
up a transfer function (e.g. impact and response) need to have the same length. If not, the 
padded signal level would need rescaling according to the new length. 
The following section is dedicated to the analysis of train induced vibration focusing mainly 
on the impact that ∆F has on its representative spectrum which supplies the term LV when 
deriving its force density. 
 
4.2 Potential for Force Density Deviation 
This section investigates the impact that ∆F has on the resulting train induced vibration 
spectrum and identifies the conditions that cause high deviations. In order to quantify the 
impact that these have on the analysis, especially when dealing with very low frequencies 
(around 4 to 12 Hz, typically used as a low limit when assessing rail induced vibration), an 
example is presented using field data. 
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Figure 9 – Representative Auto-Spectrum of the impulse (blue) and response 
(red) measured at Hope valley that makeup the average shown in Figure 8. 
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Since RMS vibration levels and subsequently Force Density are directly dependent on the 
length of the signal that is being analysed the portion of signal that is to be processed needs to 
be truncated; thus impacting on the spectral frequency resolution (∆F), as previously 
mentioned. For long train sets (say ten car) this issue might not be as relevant as for small 
trains as demonstrated in the study that follows. 
This study is based on the FRA process described in section 2.2, which aims to produce a 
representative 1/3 octave spectrum (LV in equation 2.1) of a specific train class in order to 
infer its Force Density. This process comprises of eight Class 158 trains, measured at the 
same location, running at similar speeds of approximately 140km/h. The average resulting 
spectrum along with their deviation descriptors are given in Figure10, each in accordance 
with the ∆F used. These Figures show the maximum (red square) and minimum (blue square) 
1/3 octave value at each band that contributed to the overall average (green line); the yellow 
line illustrates the range of values attained within each band and purple represents the 
standard deviation. 
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Figure 10 – Comparison of class 158 1/3 octave band vibration levels derived using different 
∆F; a (top) low resolution b (bottom) high resolution. 
 
 
Figure 10a is based on spectrum analysis using a ∆F of around 0.85 (different resolution for 
different train speed as explained further below). 
By increasing the frequency resolution (e.g. zero padding as described in the previous section) 
the deviation observed in Figure 10b (shown by yellow line) diminishes, especially at low 
frequencies where there are fewer FFT lines per octave band. In comparison, the levels at 8 
and 10 Hz bands improved their accuracy by approximately 7 dB. Deviation in level at higher 
frequencies (e.g. 20 Hz band) are likely to be caused by difference in train elements, such as 
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Figure 10 – Comparison of class 158 1/3 octave band vibration levels derived 
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wheel condition (wheel flats or out-off-roundness (likely to occur around and above 15 Hz 
[15]). It is worth noting that the broadband level should be the same irrespective of the 
amount of FFT lines. 
This phenomenon can be examined on a single train’s resulting spectrum through a 
narrowband analysis comparing ∆F of 0.85 Hz to 0.05 Hz. 
• ∆F of 0.85 Hz - corresponding to the direct application of the Fourier transform (see 
equation 3.3) when using Fs of 3200 Hz and T of 1.176 (corresponding to a two-car 
(48 m) train running at 145 km/h, which corresponds to an N of 3763 (see equation 
3.4)) 
• ∆F of 0.05 Hz, corresponding to the zero padded version of the signal above. 
 
Figure 11 illustrates the impact that ∆F has on the RMS levels, here it can be seen that levels 
at frequencies around 8 Hz are underestimated by as much as 7 dB due to the Picket Fence 
effect, hence demonstrating the importance of the zero padding process. 
 
 
Figure 11 – Resulting vibration narrowband spectrum of a passing Class 158 measured 14 m 
from the track. 
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5 Conclusions 
The detailed vibration assessment methodology proposed in FRA was reviewed and a set of 
DSP procedures required for the analysis were established. Common issues (e.g. bias errors) 
that have the potential to compromise the rail vibration analysis accuracy (especial at low 
frequencies) were thoroughly analysed. 
This paper discusses and establishes a set of guidelines for the implementation of relevant 
DSP routines for an effective and credible analysis that meets the Federal Railroad 
Administration methodology. Special consideration was given to the shaping of the time 
signal minimizing the impact of unwanted traits capable of distorting the resulting spectrum; 
these were: 
• Decimation  
• High Pass Filter  
• Truncation  
• Windowing  
• Zero Padding   
 
For the impact test analysis, experiments based on field data demonstrated significant 
impacts, up to 5 dB within a 1/3 octave band, due to the manner in which these algorithms are 
employed. It was also established that the averaging process, as proposed in FRA, does not 
overcome issues related to bias errors. 
It was also demonstrated that not only that impact test analyses are sensitive to these bias 
errors but also, when dealing with short trains sets under typical circumstances, the Force 
Density acquisition process is capable of yielding a deviation by as much as 7 dB at a 1/3 
octave frequency band. This requires careful consideration when analysis induced ground 
vibration from trains, especially if the vibration signal that is being analysed is of short length. 
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Computing VDV from Frequency Domain Spectrum for Rail-Induced Vibration Assessment 
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COMPUTING VDV FROM FREQUENCY DOMAIN SPECTRUM FOR RAIL-INDUCED 
VIBRATION ASSESSMENT 
By Jorge D’Avillez  
 
 
Intro 
This document as parte of the research programme “Routine Procedures for the Assessment of 
Rail-induced Vibration” commissioned by URS UK acoustic department refers to a 
methodology for combining “Vibration Dose Value” (VDV) with spectrum analysis. It picks 
up on the out-dated proposed method given in BS 6472:1992 (i.e. eVDV) and revives it by 
rescaling the given scaling factor. It then validates the given approach demonstrating that the 
estimated VDV (eVDV) correlates well with the true VDV when used to assess rail-induced 
vibration. 
 
 
Background 
Human response to vibration is influenced by many factors. According to ISO 2631-2, 2003 
there are physical factors such as amplitude, duration and frequency content of vibration; and 
psychological factors, such as expectation, age, gender, and population type. Thus, this 
subjectivity makes it difficult to establish a definitive vibration threshold accepted by all.  
Vibration Dose Value (VDV) is a metric used in vibration assessment that best describes 
human response. Humans respond to vibration in accordance to its level, frequency content 
and the amount of time the subject is under its influence, in a specified way, with each 
parameters having different weight. VDV is a descriptor that comprises all the above in 
accordance to human response. Appropriately, VDV is more sensitive to peaks in the 
acceleration waveform and accumulates the vibration energy received over the daytime and 
night-time periods.  
VDV is calculated (see Equation 1) by taking the fourth root of the integral of the fourth 
power of acceleration after it has been frequency-weighted. The frequency-weighted 
acceleration is measured in m.s-2 and the time period over which the VDV is measured is in 
seconds.  This yields VDVs in m.s-1.75. 
In the UK there is no single national criterion for rail-induced vibration limits inside 
dwellings: the practice generally is for railway projects to negotiate design aims and 
intervention limits. That is, a defined limit where intervention is required or where a change in 
vibration levels, due to a scheme, will also trigger intervention. This intervention is normally 
in the form of mitigation works or financial compensation. These limits are often set by 
appropriate local authorities or government agencies through the planning or public inquiry 
process. 
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eVDV Calculation 
The definition of the VDV is presented in BS 6472:2009. This Standard requires the VDV to 
be calculated directly from the time history data given in acceleration. For calculations such 
as those dependent on the proposed procedure (i.e. frequency domain analysis), the use of 
predictions in octave bands prohibits the use of the VDV directly. 
A superseded version of BS 6472 that was issued in 1992 provided a method for calculating 
an estimated VDV (eVDV) from the overall weighted acceleration. The equation given in the 
1992 version of BS 6472 is: 
eVDV =1.4×a(r.m.s.)×t0.25    Equation 1 
When using Equation 1, the Standard notes that the value of 1.4 is empirically derived for 
many signal types and that care should be used to determine if this equation is appropriate for 
the situation under assessment. If the factor of 1.4 is considered to be an empirically derived 
scaling factor, this equation can be rewritten as: 
eVDV = sf ×a(r.m.s.)×(n×t)0.25  Equation 2 
where sf is an empirical derived scaling factor a is the vertical frequency-weighted rms 
acceleration (in m/s2) using a Wb weighting t event time n is the number of events. 
Note that the procedure requires the vibration spectrum to be given in acceleration, thus for 
such cases it would be appropriate to retain the measured and predicted spectrums in 
acceleration and not velocity as it is quoted by the FTA procedure.  
 
Validation 
It is justifiable to suspect that not all signal types are equivalent as they are a function of 
vibration characteristics. Thus, the effectiveness of the empirical derived scaling factor when 
assessing pass-bys, which emits a short duration random stationary signal, was tested on a set 
of trams. 
Using raw time history data acquired from a set of trams pass-bys, the eVDV has been 
compared to the directly calculated VDV. It was found that the value of 1.4 significantly 
overestimated the VDV when compared to the directly calculated VDV. This shows that the 
value of 1.4 should be empirically revised to a value of 0.2 for the Incentro trams. A 
comparison of the directly calculated VDV and the estimated VDV using factor of 0.2 is 
presented below. 
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Figure 1: Comparison of VDV values when derived from raw time history to the frequency 
spectrum  
 
Figure 5.2.2 shows that when a scaling factor of 0.2 is used, the eVDV estimates the true 
VDV with a significant degree of accuracy.  
 
Summing events over a time period 
Where there are repeated vibration events of variable magnitude, the total vibration dose for 
the relevant day or night period may be obtained by summing the N individual vibration doses 
for each group using the following formula: 
VDV = (∑i=1–N VDVi4)0.25   Equation 2 
where VDVi is the individual dose value. 
 
 
 
 
Summary 
Based on the eVDV, a methodology for combining “Vibration Dose Value” (VDV) with 
spectrum analysis, when assessing rail-induced vibration, has been demonstrated and 
validated.  
 
 Taylor Woodrow Alstom JV — NET Phase 2 
 
 
 
Figure 10: comparison of VDV and eVDV using a factor 0.2 
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This figure shows that when a scaling factor of 0.2 is used, the eVDV estimates the true VDV 
with a high degree of accuracy. 
For the calculation of the eVDV, an event time duration of 12 seconds has been used to 
enable a calculation that include sufficient time for all potential tram passby speeds. 
To predict the ground borne noise within a building, the widely used ‘Kurzweil formula’ has 
been used.  This is derived from the Transportation Noise Reference Book[5] and is given by 
the following equation: 
27_)(max  factorpredictedv weighti gAfLL  
where LV (f)predicted is the vibration levels predicted at the ground floor wall 
A_weightingfactor = weighted according to the A-weighting 
3.4.2 Route Wide Predictions 
The method of using the FDL and LSTM has one potential shortcoming.  This is that where 
buildings are in the near field, the measurement of LSTM may be skewed by near field effects.  
The near field effects is a recognised acoustical phenomenon which can also occur in ground 
vibration in a similar way to airborne sound.  It has been found that for vibration, the point at 
which any near field effects do not significantly affect the vibration levels is approximately 8-10 
m from the track.  Since for this project, most of the route wide predictions are req ired to be 
undertaken less than 10 m from the track, a modified version of the prediction method is 
applied, as given in the equation below: 
)()()()()( fTFfIgfLSDRfLfL buildingreferenceapredicteda   
where: La(f)predicted is the predicted vibration levels at the threshold of the building 
La(f)reference refers to Incentro induced vibration measured at Goldsmith Street 3.5 m 
from the track 
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Averaging process for combining various spectra into a representative spectrum 
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Averaging process for combining various spectra into a representative spectrum 
By Jorge D’Avillez 
 
 
 
 
Intro 
When assessing rail-induced vibration the averaging is a process required to produce a 
spectrum that represents a Class of pass-bys. However, depending on the averaging definition 
discrepancy in results may be obtained. This short technical note, which is part of the research 
programme commissioned by URS UK acoustic department called “Routine Procedures for 
the Assessment of Rail-induced Vibration”, deliberates on the two common methods when 
averaging spectrum justifying the chosen method. 
 
 
 
 
Averaging Process 
Owing to the fact that vibration can be presented and referred in both linear domain – 
commonly used when assessing sensitive equipment – and logarithm domain (i.e. dB) – 
which is the scale that best represents human perception – there are two average definitions: 
“energy average” regarding the linear domain and “arithmetic average” regarding logarithm 
domain. Since vibration signal when in the frequency domain is a complex quantity, one way 
of computing the “energy average” is by averaging the imaginary and real part of the signal 
independently and then combining both producing a magnitude spectrum, which can be 
presented in the form of 1/3 octave-band. The “arithmetic average”, in essence, takes each 
spectrum in its final form (i.e. 1/3 octave bands in dB) and computes the average using the 
algebraic rule. Each, having its specific utility, produces significant dissimilar results. Would 
one use the “energy average” then the highest value would have a significant weight on the 
overall average, as demonstrated in Figure 1 by the dotted curves. 
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Figure 1: A set of pass-by emitted vibration spectra demonstrating the impact of each 
averaging process. The four solid lines represent each measured spectra; blue dotted 
line gives their “energy average”; orange dotted line gives their “arithmetic average”. 
 
 
 
As seen in Figure 1 there is a significant impact on the resulting average due to the chosen 
averaging definition. Yet there is no standard (nor guidance) suggesting one over the other. 
For an EIA, when averaging rail-induced vibration spectrum the “arithmetic average” is 
herein being suggested, for two reasons: 
• logarithm scale better represent the human perception; and 
• within a set of pass-bys to be averaged, pass-bys exhibiting defects ,will impact 
decisively in such a way that the resulting average would mainly express the defects of 
its constituting pass-bys.  
 
Note: regarding “A signal processing methodology for the analysis of data for use in railway 
vibration assessments” for impact-tests, the average used when combining Frequency 
Response Functions is the “energy average”.  
